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Thesis Abstract
Vertebrate nervous system development requires the careful interpretation of
many attractive and repulsive guidance molecules. For the incredibly complicated wiring
diagram comprising the vertebrate nervous system to elaborate properly, the highly
motile "growth cone" at the tip of an axon must sense extracellular embryonic cues and
respond through a number of intracellular interactions leading ultimately to coordinated
changes in cytoskeletal morphology and modulation of the axonal path.
Here I describe axon pathfinding defects displayed by mice genetically deficient
for all three vertebrate Ena/VASP homologues: Mena, VASP, and EVL. As has been
reported previously in invertebrates, these defects share phenotypic overlap with those
seen in mice genetically deficient for the repulsive guidance molecules Slit and Robo. I
find that the pathfinding errors observed in Ena/VASP deficient mice are likely a result of
failure to respond to Slit/Robo. Furthermore, based on my findings, I propose a "four-step"
model of growth cone responses to repulsive cues.
Finally I find that the direct binding of Ena/VASP proteins to Robo seen in
invertebrates is conserved and expanded in vertebrates. These interactions appear to be
tunable by phosphorylation, suggesting a model by which context dictates the
Ena/VASP:Robo interaction, potentially leading to changes in growth cone
responsiveness to guidance cues.
Thesis Supervisor: Frank Gertler
Title: Professor of Biology
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1.1 Connections in the nervous system.
At the cellular level, the basic building blocks of the mammalian nervous system share
extensive similarities with those found in nearly every multicellular animal. Even the most
rudimentary of extant neural nets, as those of the Cnidarian jellyfish, contain the same three
fundamental neuronal types found in vertebrates: sensory neurons, which receive environmental
information and stimulate interneurons, which then stimulate specific populations of motor
neurons, which finally translate this information into changes in behavior mediated by
orchestrated muscular contraction. Comparative examination at the biochemical or ultrastructural
level reveals few differences in neuronal structure even between very distantly related
organisms. This then begs the question of how more complex animals have evolved such a
variety of behaviors without more significant changes in the most fundamental units of our
nervous systems.
The modem "neuron theory" stems ultimately from the work of Santiago Ram6n Cajal
i~ i
Figure 1 - Drawing of neurons in the chick cerebellum
1905.
who used Golgi staining to
visualize the structure of the
cells that comprise the nervous
system. Ram6n y Cajal was
able to identify, and draw with
high accuracy the
morphologies of individual
Santiago Ramon y Cajal, neurons (Fig. 1). The quality of
11
Ram6n y Cajal's preparations allowed him to propose the idea that the nervous system is
contiguous rather than continuous; that is to say that each neuron is an autonomous unit of a
network in which connections are formed between the axon of one neuron and the dendrites, or
cell body of another. It has been long appreciated that the number and elaboration of these
connections correlates more closely with an organism's complexity of behavior than any other
known indicator. Understanding how these connections are made during development remains a
problem with many unsolved questions, a small fraction of which are addressed here.
1.2 Axonal Pathfinding
Connections in the nervous system are made with remarkable specificity. Invertebrates,
though orders of magnitude less complicated than vertebrates, are simultaneously fantastically
complicated, yet reliable in their development. The nematode worm Caenorhabditis elegans, for
example, has 282 somatic neurons which make approximately 6400 inter-neuronal synaptic
connections and 1400 neuromuscular junctions(Varshney et al., 2011). These connections are
made stereotypically; under normal developmental conditions, two equivalent neurons from two
different C. elegans worms of the same sex will make precisely the same inter-neuronal synapses
and neuromuscular junctions. The human nervous system is significantly more complex;
estimates for the number of neurons center around 1011, which are thought to make up to 1014
synaptic connections(Sporns et al., 2005). Given its complexity, mapping all of the connections
in the human nervous system at the single neuron level, as has been done in C. elegans, remains
unfeasible. While there is almost certainly more variability in exactly which neurons connect in
humans, it is clear that under normal conditions, the general pathways between different regions
of the nervous system are remarkably conserved.
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For the correct synapse or neuromuscular junction to
eventually be made, during development the axon must be able
to recognize and respond to extracellular landmarks present in
an embryo. To achieve this, at the tip of every growing axon is
a highly specialized structure called a growth cone (Fig. 2).
Growth cones are thin, fan-shaped structures made up of
Figure 2 - A neuronal growth cone lamellipodia, protrusive actin meshworks, and numerous
(DIC)
filopodia, actin rich finger-like projections(Yamada, 1971).
Growth cones are highly dynamic, continually scanning the local microenvironment for guidance
cues, responding with coordinated changes in the cytoskeleton that lead to modifications of
either speed or trajectory, which ultimately determine the final path of the axon(Bentley and
Toroian-Raymond, 1986)(Caudy and Bentley, 1986).
1.3 Guidance cues and their receptors
The axonal guidance cues interpreted by growth cones have a wide variety of molecular
origin and action. The "canonical" guidance cues were originally described as proteins that could
act as either chemoattractants or chemorepellents at long range when secreted and at short range
when membrane tethered(Kennedy et al., 1994)(Kidd et al., 1999)(Cheng et al., 1995)(Kolodkin
et al., 1993). Cell adhesion molecules such as cadherin and integrin have also been demonstrated
to participate independently in short range axon guidance (Kuhn et al., 1995)(Matsunaga et al.,
1988) and in cooperation with the canonical cues in long range axon guidance(Stevens, 2002).
Finally, more recent research has demonstrated that molecules classically described as
morphogens or growth factors have strong effects on axon guidance at a subset of decision
points(Charron et al., 2003)(Lyuksyutova et al., 2003). Adding to the complexity and tunability
13
of this system, cross talk between different members of these families can lead to context
specific silencing or conversion of guidance response polarity (Stein and Tessier-Lavigne,
2001)(Hong et al., 1999)(Holt et al., 1999)(Song, 1998). One of the best studied systems of
pathfinding is the guidance of axons originating from neurons in the dorsal portion of the spinal
cord. These neurons form commissures by extending their axons across the midline, synapsing
with neurons on the contralateral side. This context provides a unique challenge for a growth
cone in which guidance factor sensitivity must be context dependent. During this developmental
window, the floor plate of the spinal cord continually produces both attractive and repulsive
guidance cues. For a growth cone to cross the midline, it must first be attracted to this milieu so
that it may reach it. Then, it must switch its attraction to repulsion effecting midline exit and
preventing re-crossing. While much progress has been made in understanding how midline
guidance is coordinated (Chen et al., 2008)(Stein and Tessier-Lavigne, 2001)(Simpson et al.,
2000)(Holt et al., 1999)(Song et al., 1997)(Stein et al., 1998), context dependent sensitivity to
guidance cues remains one of the areas of axon guidance with many unsolved questions.
Following is a brief description of the four canonical guidance cue families, their receptors, and
their roles in axon guidance.
1.3.1 Slit/Robo
The founding member of the Robo family of transmembrane receptors, roundabout, was
discovered in a D. melanogaster screen for genes involved in midline repulsion of axons(Seeger
et al., 1993). The D. melanogaster central nervous system normally contains non-commissural
axons that form longitudinal tracts and commissural axons that cross the midline before being
guided longitudinally. In Robo mutants, non-commissural axons aberrantly reach the midline.
Furthermore, rather than switching from midline attraction to repulsion, commissural axons in
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Robo mutant animals repeatedly re-cross the midline. Together, these defects lead to a reduction
in longitudinal axon tract formation and the appearance of circular rings of axon fibers centered
around the midline. These functions of robo are conserved in vertebrates, which have four Robo
paralogs, as animals that express loss of function alleles of Robo 1, Robo2, and Robo3 show
stalling and re-crossing of commissural axon fibers in the spinal cord midline (Long and
Sabatier, 2004).
Mammals carrying loss of function mutations in Robo 1 and Robo2 also display defects in
axon guidance in the peripheral nervous system. Afferent axons from the dorsal root ganglia
(DRG) normally extend to the dorsal funiculus where they bifurcate, and send their daughter
branches orthogonally along the spinal cord. In the absence of Robol and Robo2, these axons
project aberrantly into the spinal cord, often reaching or extending beyond the midline. Further,
axons emanating from the trigeminal ganglia in Robol/Robo2 double knockout animals display
defects in axonal outgrowth and branching (Ma and Tessier-Lavigne, 2007).
Robo receptors belong to the immunoglobulin superfamily of cell adhesion molecules.
The canonical structure of Robo is one of an amino-terminal extracellular region with five Ig
domains and three fibronectin type III domains (Fig. 3a). Robos contain a single transmembrane
domain followed by a cytoplasmic tail with four short motifs (CCO-CC3) conserved in
vertebrates and invertebrates (Fig. 3c). No catalytic domains have been described in the
cytoplasmic tail of Robo. Instead, ligand dependent recruitment of specific binding partners to
the conserved cytoplasmic motifs leads to activation of downstream effectors. While the entire
signaling pathway downstream of Robo activation remains to be elucidated, it is clear that proper
response requires recruitment of signaling molecules that act upon the cytoskeleton (Fan et al.,
2003).
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The canonical Robo organization is shared by the two D. melanogaster Robos and Robo 1
and Robo2 in vertebrates. Other vertebrate homologs share varying levels of conservation.
Vertebrate Robo3 has the same extracellular domains, but lacks the CC3 motif. Interestingly, the
cytoplasmic tail of Robo3 can be alternatively spliced, and heterodimerization of one of these
spliceforms, Robo3.1 with other Robo members silences their repulsive response, an activity
crucial in commissural axons for initial attraction to the midline (Chen et al., 2008). Vertebrate
Robo4 is the most divergent in the family, having fewer extracellular Ig and FnIII domains, and
lacking both CC1 and CC3. Robo4 is expressed largely in endothelial cells and so far it's
function has been primarily described in angiogenesis and vascular stability (Bedell et al.,
2005)(Jones et al., 2009).
Slit was initially identified in a drosophila hybridization screen for genes containing
EGF-like repeats (Rothberg et al., 1988), and later determined to be the primary ligand for Robo
(Kidd et al., 1999). Flies with loss of function mutations in Slit display potent defects in axon
guidance and development of midline glia (Rothberg et al., 1990). Slit mutants display a CNS
scaffold that is collapsed into a single longitudinal nerve bundle, a defect similar but more severe
than those seen in flies lacking Robo (Rothberg et al., 1990). As is the case with Robo, the
phenotypes of mutations affecting Slit in vertebrates seem to be largely conserved, and similar
though sometimes slightly more pronounced than the Robo knockout phenotypes (Ma and
Tessier-Lavigne, 2007)(Long and Sabatier, 2004).
Structurally, all known Slit proteins in both invertebrates and vertebrates share extensive
similarities. They are all large secreted glycoproteins of roughly 200kDa with four amino-
terminal domains containing leucine rich repeats (LRRs). Immediately carboxy-terminal to these
LRRs in vertebrates are nine EGF-like repeats, or seven in the case of invertebrates. Finally, Slits
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all have a cysteine knot at the carboxy-terminus (Fig. 3b). All Slits bind the canonical Robos
with similar affinity through an interaction between the second LRR and the first two Ig domains
of Robo (Brose et al., 1999). While the second LRR of Slit is necessary and sufficient for
binding and repulsive activity, the full length protein binds Robo with higher affinity, as a result
of increased dimerization mediated by a homophilic interaction in the fourth LRR that is
stabilized by heparan sulfate proteoglycans (Seiradake et al., 2009). While this homophilic
interaction suggests that ligand dependent receptor dimerization may be important for Robo
activation, this has yet to be demonstrated directly. Slit proteins have a conserved site for
proteolytic cleavage near the carboxy-terminus, which when acted upon by a yet unidentified
protease, produces a -180 kDa amino-terminal fragment which can independently act as a
repellent, and a 20kDa carboxy-terminal fragment of unknown function (Nguyen Ba-Charvet et
al., 2001).
Plasma membrane localization of Robo underlies its function as a transmembrane
receptor. In D. melanogaster, the transmembrane protein Commissureless (Comm) regulates
midline guidance by temporarily diverting Robo from a plasma membrane directed pathway to
an endosomal one when growth cones approach the midline (Keleman et al., 2002). A Comm
homologue has not been discovered in vertebrates, though in cancer cells, Slit stimulation causes
a relocation of Robo to the plasma membrane, a process which requires the deubiquitinating
enzyme, USP33 (Yuasa-Kawada et al., 2009a). Interestingly, in commissural neurons, the
opposite effect is observed, as Robo is lost from the plasma membrane upon Slit stimulation.
siRNA mediated depletion of USP33 in neurons potentiates this relocation in vitro and depletion
of USP33 in neurons in vivo causes a guidance defect in which axons cannot exit the midline
(Yuasa-Kawada et al., 2009b). These seemingly conflicting observations imply that while
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Figure 3 - Domain structure of the chemorepellent Slit and it's receptor, Robo
(A) Canonical structure of Robo showing five extracellular Ig domains followed by three
fibronectin type III domains. The cytoplasmic tail of Robo contains three conserved cytoplasmic
motifs. (B) Canonical structure of the ligand, Slit, encompassing four leucine rich repeats
followed by seven to nine EGF repeats and a cysteine knot. (C) Known interactions of the
cytoplasmic tail of Robo. Abl: Non-receptor tyrosine kinase. Ena: Actin regulatory protein.
CrGAP/Vilse: Dual function Rac/Cdc42 GAP. Dock/NCK: Rac GEF. SrGAP Dual function
RhoA/Cdc42 GAP.
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ubiquitination status plays an important role in Robo function, other factors likely cooperate in
context dependent changes in localization of Robo upon Slit application.
While Slit and Robo were both originally described as effectors of commissural midline
pathfinding, Slit/Robo signaling has subsequently been shown to be required for proper guidance
in a wide variety of axonal projections. Mutations in Slit or Robo result in misprojection of
various types of sensory axons, including those in the optic chiasm (Plump et al., 2002),
projections from the olfactory bulb (Jhaveri et al., 2004), projections from the vomeronasal organ
(Cloutier et al., 2004), and projections from the trigeminal and dorsal root ganglia (Ma and
Tessier-Lavigne, 2007).
Beyond their roles in repulsive guidance, Slit proteins have been shown to promote
axonal elongation and arborization both in vitro (Wang et al., 1999) and in a subset of sensory
neurons in vivo (Ma and Tessier-Lavigne, 2007). The branch promoting activity of Slit has been
reported as being promoted uniquely by the amino-terminal fragment, and antagonized by the
full length protein (Nguyen Ba-Charvet et al., 2001), though the mechanism for this antagonism
remains unknown.
Recently it has become appreciated that Slit/Robo signaling plays many roles outside of
the nervous system. It has been reported that Slit/Robo is frequently lost in certain breast cancers
where it plays a role in silencing SDF-1/CXCL12 mediated invasiveness (Prasad et al., 2004). It
has also been reported that Slit may act as a chemoattractant in brain specific breast cancer
metastasis (Schmid et al., 2007). While these observations are seemingly in conflict, they may
represent another example of context specific changes in polarity of chemotactic responses to
guidance factors.
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1.3.2 Netrin/DCC/Unc5/DsCAM
Of the other canonical guidance cues, the pathway with the strongest demonstrated link to
Slit/Robo signaling is the Netrin/DCC pathway. Like Slit, Netrin is a chemotropic factor secreted
by the midline shown to act in long range commissural axon guidance. Structurally, Netrin also
contains EGF repeats, but is much smaller, ranging in size from 70-80 kDa. As opposed to Slits,
Netrins were originally described as midline attractants (Ishii et al., 1992).
Characterized Netrin receptors fall in to four major families: DCC/Neogenin, Unc5,
DsCAM, and the NGL family. The fourth class of Netrin receptor, the GPI linked NGL receptors
bind to GPI linked Netrin G ligands but not to canonical Netrins. While there is one report of
Netrin-G/NGL proteins being important for axon outgrowth (Lin et al., 2003), these proteins'
main characterized function is in synaptogenesis, so will not be discussed here further.
The first characterized Netrin receptor, DCC, is the best-studied mediator of Netrin induced
chemoattraction. The extracellular portion of DCC has four Ig domains followed by six
fibronectin type III domains. Similar to Robo, DCC has no known cytoplasmic domains with
catalytic activity, but does have three evolutionarily conserved motifs (P1 -P3), which bind to
effector proteins upon ligand stimulation. Netrin/DCC mediated attraction can be switched to
repulsion by either substrate dependent modulation of growth cone cyclic nucleotide levels
(Nishiyama et al., 2003), or heterophilic interactions with members of the Unc5 family. The
Unc5 family of receptors can mediate a chemorepulsive activity of Netrin through heterophilic
interaction with DCC (Hong et al., 1999), or in certain contexts act as DCC independent
repulsive guidance receptors via homophilic interactions (Keleman, 2001) . The final described
class of Netrin receptor is the DsCAM family of cell adhesion molecules, which can mediate
attractive growth cone turning in response to Netrin both independently of, and in collaboration
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with DCC (Ly et al., 2008). Netrin and Slit signaling converge through a context specific, ligand
dependent interaction between CCl of Robo and P3 or DCC. This interaction leads to a silencing
of growth cone attraction to Netrin and has been demonstrated to be the primary role of Robo in
certain developmental contexts (Stein and Tessier-Lavigne, 2001).
1.2.3 Semaphorin/Plexin/Nrp
Similar to Slit/Robo, Semaphorins were originally described as potent chemorepulsive
molecules involved in many steps of the normal development of the nervous system (Fan and
Raper, 1995)(Luo et al., 1993)(Adams et al., 1996)(Cheng et al., 2001). Semaphorins can be
secreted, transmembrane, or membrane-tethered, and as such have roles in both long and short
range guidance. Vertebrates have up to twenty members of the Semaphorin family of ligand,
which signal in different combinations through their nine Plexin receptors. Many Semaphorins
bind directly to Plexins, but others must bind to one of two co-receptors, Neuropilin 1 and 2. As
is the case with the other canonical guidance cues, Semaphorins also have demonstrated roles in
attractive guidance that depend on context. Very recently, cross-talk between the Semaphorin
and Slit pathways was demonstrated in that Robo potentiates the response of cortical
interneurons to Semaphorins, and that Robo binds directly to Neuropilin-1 (Hemindez-Miranda
et al., 2011).
1.2.4 Ephrins/EphRs
The final members of the canonical guidance cues belong to the Ephrin family. Differing
from the other guidance cues, Ephrins are exclusively plasma membrane associated, either being
integral or tethered via a GPI linkage, and as such have been described exclusively as short range
guidance cues. Further differentiating Ephrins from the other canonical cues, their receptors
(EphRs) have a kinase domain that becomes catalytically active upon receptor activation.
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Interestingly, in contrast to other described receptor tyrosine kinases, dimerization is insufficient
to effect full cellular response, instead, Ephrins and their receptors must be clustered in tetramers
(Stein et al., 1998). Like the other canonical cues, Ephrins can be attractive or repulsive
depending on context (Marquardt et al., 2005).
1.4 Downstream effectors and the cytoskeleton
For a guidance cue to be effective, it's recognition must result in a modulation growth
cone migratory behavior. Any change in growth cone speed or trajectory ultimately requires
directed changes in growth cone morphology, orchestrated by spatial regulation of the actin
cytoskeleton. While guidance receptors have not been shown to act directly upon the
cytoskeleton, there is a clear link formed by interaction with downstream effectors.
1.4.1 Rho GTPases
The Rho family of small GTPases is a subfamily of the Ras superfamily long known to
be involved in regulation of cytoskeletal dynamics. Rho GTPases are active when bound to the
cyclic nucleotide GTP but possess catalytic activity that renders them inactive through hydrolysis
of GTP to GDP. Switching between the active and inactive form is accomplished primarily by
four known means: The intrinsic hydrolytic activity of the GTPase; The enhanced hydrolytic
activity of the GTPase when it is bound to a GTPase activating protein (GAP); The reactivation
of the GTPase by GDP-GTP exchange mediated by a guanine nucleotide exchange factor (GEF);
Or the prevention of this exchange by a guanine nucleotide dissociation inhibitor (GDI).
The three best studied members of the Rho GTPases, RhoA, Rac, and CDC42 have been
shown to have differing roles in cytoskeletal regulation and consequently different loss of
function phenotypes in axon guidance. Given the number of guidance receptors in vertebrates,
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the value of describing all of their downstream effectors is quickly outweighed by space
limitations; Therefore, I here describe only what is known about downstream effectors of Robo
activation.
The GAP Vilse was originally discovered in a D. melanogaster screen for genes affecting
the formation of tracheal airways, but was shown in the same study to potentiate the midline
axon guidance defects observed in flies heterozygous for mutations of either Slit or Robo. Vilse
binds directly to the CC2 motif of Robo, and is a GAP for Rac, and more weakly for CDC42
(Lundstr6m et al., 2004). Interestingly, overexpression of Vilse shares the same phenotype of
potentiation of Slit/Robo defects, indicating that Rac activation likely must be tightly controlled
during axon guidance (Hu et al., 2005). Further evidence for the involvement of Rac in effecting
changes downstream of Robo come from the phenotype of the Rae GEF, Son of Sevenless (Sos).
In D. melanogaster Sos mutants, aberrant axonal guidance phenotypes similar to those in Robo
mutants are observed in lateral axon tracts. Upon Slit stimulation, Sos is recruited into a ternary
complex with Robo mediated by the adaptor protein, Dock/Nek (Yang and Bashaw, 2006).
Furthermore, loss of function mutations in Dock result in axon guidance defects (Garrity et al.,
1996) and Dock displays a genetic interaction with Robo(Fan et al., 2003). While one study
describes a link to RhoA activation upon Slit stimulation via formation a Robo - SrGAP1
complex in tissue culture cells (Wong et al., 2001), it is unclear whether this complex has any
role in axon guidance.
1.5 Regulation of the growth cone cytoskeleton
Integration of guidance receptor signaling is a phenomenally complicated process, likely
involving many yet to be discovered interactions. Whatever proteins make up this network,
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however, it is clear that for their activities to be productive, their outputs must eventually
converge on spatially regulated changes in the growth cone cytoskeleton.
Growth cones can be functionally divided into two regions: the central region, which is
most proximal to the axon shaft more distal peripheral region (Letoumeau, 1983). The peripheral
region of the growth cone is comprised of lamellipodia, sheet-like F-actin meshworks, and
filopodia, finger-like projections containing many parallel, unbranched actin filaments. The
peripheral region of the growth cone is highly dynamic; F-actin is under a continual process of
tightly regulated turnover. Actin monomers (globular or G-actin) are added to the membrane-
oriented, fast growing "barbed ends" (Pollard and Mooseker, 1981) of actin microfilaments
thereby producing protrusive force on the plasma membrane, an activity crucial in inducing local
changes in growth cone morphology.
Free barbed ends represent a rate-limiting component of protrusion as they are efficiently
bound by ubiquitous proteins that inhibit polymerization. Actin monomer addition is regulated
negatively by the activity of capping proteins (CPs), which bind to filaments and block further
monomer addition (Isenberg et al., 1980). CP associates quickly with free barbed ends but
dissociates slowly: In cells, free barbed ends have a half-life of -. 2 sec whereas capped filaments
have a half-life of ~28 min (Schafer et al., 1996). Elaboration of a protrusive structure requires
coordination of actin polymerization at many barbed ends simultaneously and as such the first
step involves uncapping filaments or creating new barbed ends.
Polymerization competent barbed ends are created near the plasma membrane primarily
by two mechanisms: Nucleation of new branches from existing filaments and capped end
removal by filament severing proteins. Spatially restricted activation of the actin severing
protein, Cofilin upon release from the phosphoinositide PIP 2 severs the ends of capped filaments,
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creating new barbed ends near the plasma membrane in response to growth factor stimulation
(Fig. 4a)(van Rheenen et al., 2007). The major mediator of barbed end formation via branch
nucleation is a highly conserved seven member complex (Arp2/3) including two actin related
proteins, Arp2 and Arp3. The Arp2/3 complex binds to the sides of nascent actin filaments
promoting nucleation of new filaments at a characteristic 700 angle (Mullins et al., 1997)(Mullins
et al., 1998). Interestingly, capping protein directly cooperates with Arp2/3 to nucleate new actin
filaments. This complex has the dual activity of barbed end capping and barbed end formation,
leading to the formation of a dense, highly branched actin network (Akin, 2008).
The Ena/VASP family of actin regulatory proteins act as filament elongation factors by
binding the barbed ends of growing actin filaments enhancing polymerization and blocking
capping activity (Fig. 4a) (Barzik et al., 2005). Expression of Ena/VASP proteins promotes an
actin geometry comprised of longer, less branched microfilaments. The requirement of barbed
end actin polymerization for protrusive activity leads one to assume that Ena/VASP proteins
would be positive regulators of cell speed. This idea is supported by experiments demonstrating
that Ena/VASP proteins potentiate the rate of motility of the intracellular pathogen Listeria
monocytogenes (Laurent, 1999). In an observation that seems antithetical to this model, loss of
Ena/VASP function increases fibroblast speed of translocation while overexpression has the
opposite effect. Closer examination reveals that Ena/VASP function does indeed correlate with
increased protrusive behavior, but that these protrusions are highly labile and do not form
adhesive contacts with the substratum required for subsequent cellular translocation (Bear et al.,
2000)(Bear et al., 2002). These data support a model in which dense highly branched actin
networks possess the rigidity required to produce stable lamellipodial protrusions, and a network
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of aberrantly long, unbranched, unbundled actin fibers may not be able to resist the
countervailing force exerted by the membrane, leading to premature lamellipodial collapse.
Vertebrates have three Ena/VASP family members with many overlapping functions,
Mena, Vasodilator-stimulated phosphoprotein (VASP), and Ena-VASP Like (EVL). All
Ena/VASP family members share a conserved tripartite structure in which two Ena/VASP
homology domains, EVH 1 and EVH2, flank a central proline rich region. During filament
elongation, Profilin-Actin complexes bind to "recruiting" sites in the amino-terminal portion of
the proline rich region of Ena/VASP. Recruiting sites have the sequence GPPPPP: a sequence
able to bind multiple Profilin-Actin complexes simultaneously. Profilin-Actin is then passed to a
highly conserved "loading" site more proximal to the EVH2 domain, which binds to profilin
with higher affinity than the recruiting sites. Profilin-actin is then passed to the G-actin binding
site within EVH2, where structural insights imply that it will be in the appropriate orientation for
direct addition to the barbed end of a growing actin filament (Ferron et al., 2007). In vitro
experiments demonstrate that profilin, actin, and Ena/VASP can form a trimeric complex at the
barbed end of a microfilament, which potently inhibits binding of capping protein across a range
of salt concentrations. As Profilin-Actin complexes represent the major pool of polymerization
competent actin monomers found in cells (Kaiser et al., 1999), it is believed that this complex
represents the physiological state of a barbed end bound to Ena/VASP, and that as such
Ena/VASP proteins are highly processive anti-cappers (Fig. 4b)(Hansen and Mullins, 2010).
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Figure 4 - Barbed end binding proteins regulate actin polymerization
(A) Polymerization barbed ends are capped preventing further polymerization. New barbed ends
are created by nucleation and severing. Ena/VASP proteins are obligate tetramers that promote
filament elongation at the barbed end (B) Ena/VASP proteins form a ternary complex with the
barbed ends of actin filaments, preventing the activity of capping protein. Profilin binding motifs
are found adjacent to G and F-actin binding sites promoting formation of this complex at the
barbed end.
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1.5.1 Ena/VASP proteins are critical for filopodia formation
Filopodia are fingerlike projections cellular projections containing multiple unbranched
actin filaments oriented with barbed ends pointed outward (Fig. 1). Filopodia are stabilized by
the bundling activity of the crosslinking protein, Fascin (Vignjevic et al., 2006). Filopodia are
implicated in diverse processes including wound healing in mammalian cells in vitro (Conrad et
al., 1993)and D. melanogaster embryos in vivo(Wood et al., 2002), dorsal closure of epithelial
sheets during embryogenesis in D. melanogaster (Jacinto et al., 2000)and C. elegans (Raich et
al., 1999), endothelial cell motility (Sheldon et al., 2009) as well as during many stages of
neuronal development including neuritogenesis (Kwiatkowski et al., 2007)(Dent et al., 2007),
and both repulsive and attractive axon guidance (Gitai et al., 2003)(Bashaw, 2000). Ena/VASP
proteins are found at the tips of filopodia in many contexts, including neuronal growth cones. As
in fibroblasts, loss of Ena/VASP in growth cones dramatically shifts actin network geometry.
These growth cones also display an almost complete lack of filopodia.
The function of filopodia remains somewhat unclear. Many authors have proposed that
filopodia act as a sort of cellular antennae whose function is in receiving extracellular cues
(Chien et al., 1993). Others have proposed that filopodia may be playing a more mechanical role:
Filopodial stabilization in one particular direction may lead to microtubule capture and
subsequent changes in cellular trajectory (Buck and Zheng, 2002)(Dent and Kalil, 2001).
Filopodia also contain integrins enabling them to make adhesive contacts with permissive
substrates (Letourneau, 1983)(Galbraith et al., 2007), though it's unclear whether filopodial
attachment to substratum is important for adhesion per se or if filopodia are acting as sensors
directing cellular motility in the direction of a permissive environment. Adding to the
controversy regarding filopodial function, some authors have claimed that filopodia are
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dispensable for growth cone guidance in certain contexts (Kim et al., 2002)(Dwivedy et al.,
2007).
1.5.2 Ena/VASP proteins are regulated by localization
The molecular organization of Ena/VASP family members provides insight into how they
link the growth cone microenvironment to actin remodeling. While the EVH1 domain is
dispensable for both the anti-capping and actin polymerization enhancing activities, it is required
for many of the direct protein-protein interactions known to involve Ena/VASP. The EVH1
domain has been demonstrated to bind directly to a large number of proteins through a well-
characterized interaction with a proline rich motif comprised of the sequence
(D/E)(F/L)PXCDPX(D/E)(D/E), abbreviated FP4(Niebuhr, 1997). This sequence binds in a V-
shaped groove found on the surface of EVH1(Prehoda et al., 1999). FP4 motifs of varying levels
of conservation are found in proteins with diverse functions, (Table 1) but show enrichment for
those involved in cellular motility. Another, more recently characterized interaction between
Mena and the focal adhesion protein, Tes (Coutts et al., 2003), reveals that the EVH1 domain can
also bind to non-FP4 ligands by interacting with certain LIM domains. This interaction is able to
compete with EVH1:FP4 interactions, and is thus believed to bind using the same pocket as FP4.
Furthermore, Tes does not appear to bind VASP or EVL, but is instead a specific Mena
interaction, though the biological significance of this paralog specificity is unclear (Bodda et al.,
2007).
Localization of Ena/VASP is integral to function. Expressing fusions of the Ena/VASP
consensus binding motifs found in the ActA protein of the intracellular pathogen Listeria
monocytogenes with a mitochondrial targeting sequence leads to a depletion of Ena/VASP from
the cell periphery and from focal adhesions, sequestering them on the mitochondrial surface
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(Bear et al., 2000). This sequestration is sufficient to mimic the effects of lack of endogenous
Ena/VASP proteins on fibroblast motility as well as on the geometry of the actin
cytoskeleton(Bear et al., 2002). Furthermore, flies transgenic for a construct expressing FP4
phenocopy the observed axon guidance defects observed in Ena loss of function(Gates et al.,
2007). Interestingly, while these non-physiological EVHl:FP4 interactions are sufficient to
sequester Ena/VASP proteins to the mitochondria, EVH 1:FP4 interactions are insufficient for
full endogenous localization of Ena/VASP. Genetic fusions of EVH 1 with the green fluorescent
protein of A. victoria (EVH1:GFP) only show weak leading edge and focal adhesion localization.
Furthermore treatment of fibroblasts and neuronal growth cones with the actin polymerization
inhibitor Cytochalasin D leads to a loss of Ena/VASP localization at the leading edge of
lamellipodia and from filopodial tips (Bear et al., 2002). These experiments indicate that beyond
the EVHl:FP4 interaction, interaction of Ena/VASP with filamentous actin is crucial for proper
localization. While the interaction of EVH 1 with FP4 motifs is critical for the function of
Ena/VASP, regulation of this interaction remains an area that is unexplored.
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EVH1 interactions
Partner EVH1 binding Ligand Ligand Reference
Sequence Localization Function
Vinculin DFPPPP Focal adhesions Cell-matrix (Brindle et
adhesion al., 1996)
Zyxin DFPLP Focal adhesions Cell-matrix (Drees et al.,
adhesion 2000)
Lamellipodin DFPPPP, ALPPPP Plasma membrane Lamellipodial (Krause et
dynamics al., 2004)
RIAM (D/E/F)LPPPP Focal adhesions Integrin (Lafuente et
activation, al., 2004)
adhesion
Palladin PFPPPP, DVFPLPP Focal Adhesions Cell-cell (Boukhelifa
adhesion et al., 2004)
ActA (D/E)FPPPP(D/E) Bacterial surface Bacterial (Niebuhr et
pathogenesis al., 1997)
FatI DFPPPP Plasma membrane Cell polarity, (Moeller et
motility al., 2004)
Tes IIN(X)4 2M(X)10 M Focal adhesions Stress fiber (Boeda et al.,
formation 2007)
Sema6A DVPPKP Plasma membrane Axon (Klostermann
guidance et al., 2000)
Robo EFLPPPP Plasma membrane Axon (Bashaw,
guidance 2000)
Table 1 - EVH1 interactions
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1.5.3 Ena/VASP proteins are regulated by phosphorylation.
Vertebrate Mena, VASP, and EVL share a conserved phosphorylation site immediately
amino-terminal to the central proline rich region, which is shown to be a substrate for the cyclic
nucleotide dependent Ser/Thr kinase PKA. Phosphorylation at this site (S236 in Mena, S157 in
VASP, and S 160 in EVL. Figure 3b) is important for VASP localization, but seems to have no
effect on the in vitro actin elongation/anti-capping activities of VASP (Barzik et al., 2005)(Benz
et al., 2009). Furthermore, phosphorylation at this site ablates interaction of VASP with the SH3
domain containing protein aI-Spectrin (Benz et al., 2008)and phosphorylation of either Mena or
EVL at their homologous sites ablates their interaction with both Abl and Src(Lambrechts et al.,
2000). A second site for phosphorylation found in Mena and VASP, but not in EVL, is
preferentially a target for the cyclic nucleotide dependent kinase, PKG. Phosphorylation of this
site has no demonstrated effect upon binding to non-cytoskeletal partner proteins but has a clear
dampening effect on the rate of both Mena and VASP mediated actin filament assembly(Benz et
al., 2009). Beyond Ena/VASP phosphorylation, the importance of cyclic nucleotide levels and
PKA/PKG activity in axon guidance has been studied extensively(Lohof et al., 1992)(Ming et
al., 1997)(Song et al., 1997)(Song et al., 1998)(Dontchev and Letourneau, 2002)(Moore and
Kennedy, 2006), raising the interesting but as of yet unproven idea that Ena/VASP localization
and activity may be coordinated in concert with other signaling effectors in response to guidance
cues by cyclic nucleotide signaling.
1.5.4 Ena/VASP proteins regulate neural development in vertebrates and invertebrates
D. melanogaster and C. elegans each have only one Ena/VASP homolog named Ena and
Unc-34 respectively. The founding member of the Ena/VASP family, D. melanogaster Ena was
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originally discovered in a screen for dominant suppressors phenotypes associated with loss of
Ableson non receptor tyrosine kinase homolog. Flies with loss of function mutations in Ena
show guidance defects affecting both non-commissural longitudinal axons and axons which
create both the anterior and posterior commissures. Intriguingly, Ena displays a genetic
interaction with Robo. Heterozygosity for a loss of function allele of Robo in flies causes no
phenotype alone, however when Robo dosage is decreased in the context of homozygous loss of
Ena function, the observed guidance defects are potentiated. In C. elegans, loss of Unc-34 leads
to defects in axon guidance that are similar but less sever than those caused by loss of their sole
Robo homolog (Sax-3). Furthermore, loss of Ena/VASP in worms can ameliorate the gain of
function defects that are the result of Slit overexpression. Together these results argue for a role
of Ena/VASP function in the Slit/Robo but do not distinguish whether Ena/VASP acts upstream
or downstream of Robo (Yu et al., 2002).
The three Ena/VASP vertebrate paralogs exhibit significant functional overlap in the
nervous system, as loss of any individual family member results in relatively restricted or
undetectable defects in major axonal structures in the brain and spinal cord. Mena appears to
have the most significant role in the nervous system, as loss of Mena causes a partially penetrant
defect in formation of the corpus callosum and hippocampal commissure(Lanier et al.,
1999)(Menzies et al., 2004). Deletion of VASP, EVL or both in animals that express Mena does
not cause obvious nervous system defects. Whether the apparent differential requirements for
Mena and EVL/VASP in the nervous system arise for differences in expression or a unique
function for Mena is unclear.
To observe the full requirement for Ena/VASP function in vertebrates, all three paralogs
must be inactivated. Deletion of Mena/VASP/EVL ("mmvvee") results in widespread, highly
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penetrant defects in nervous system morphogenesis. Neural tube closure defects result in 86% of
mmvvee mice displaying exencephaly wherein the brain develops outside of the head, precluding
analysis of axonogenesis and subsequent axon guidance. Examination of the brains of rare non-
exencephalic mmvvee mice reveals formation of ectopias in which cortical neurons are
aberrantly present beyond the meninges, and cobblestone lissencephaly, a defect in which rather
than being organized in layers, the cortex is disorganized (Kwiatkowski et al., 2007).Cobblestone
lissencephalies are a hallmark of the human conditions Walker-Warburg syndrome, Fukuyama
syndrome, and Muscle-Eye-Brain (MEB) disease(Verloes), though no involvement of
Ena/VASP proteins has as of yet been demonstrated in these human diseases. Interestingly, this
defect in cortical organization does not appear to be the result of a cell autonomous defect in
cortical migration. Chimeric mice with roughly fifty percent mmvvee cells and fifty percent wild
type cells show proper layering (Fig. 5a), and no ectopia formation. Furthermore, the mmvvee
neurons show proper positioning within the cortex (Fig. 5 b-e). It appears instead that the defects
in cortical layering arise from the inability of Ena/VASP deficient radial glia to seal the cortex
through contacts made by tufting of their endfeet (Kwiatkowski et al., 2007).
Cortices of mmvvee animals display an almost complete lack of axon fiber tract
formation (Fig. 6b)(Kwiatkowski et al., 2007). When cultured in vitro, cortical neurons normally
elaborate many filopodia that extend radially from the periphery as the neurons attach and
spread. Within 40 hours the majority of neurons have undergone neuritogenesis. One of these
neurites eventually undergoes specification and becomes an axon. Cortical neurons isolated from
mmvvee animals display a smooth round "fried egg" phenotype devoid of filopodia. While
dynamic microtubules still explore the periphery of these neurons, their dynamics are altered,
they cannot be stabilized and neurites do not form. Contrary to the cobblestone cortex phenotype,
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this defect is cell-autonomous as chimeric embryos show axon formation from wild-type cortical
neurons, but no mutant axon fiber tracts are observed (Fig. 6 c-h) (Dent et al.,
2007)(Kwiatkowski et al., 2009). This defect can be rescued however, by restoring frequent
filopodia formation, which can be achieved by ectopic expression of a formin protein, such as
mDia, or by culturing these neurons on a non-physiological substrate such as laminin. Laminin
rescues filopodia formation by activating integrins which leads to a switch from VAMP2
mediated exocytosis to VAMP7 mediated exocytosis (Gupton and Gertler, 2010). While these
phenotypes are by themselves very interesting they preclude further analysis of the role of
Ena/VASP in cortical axon guidance.
Ena/VASP proteins clearly play important roles in axon guidance in vertebrates and
invertebrates as outlined above. Furthermore, the best described function of Ena/VASP in the
growth cone is in filopodia formation. As of yet however, no study has directly shown how or if
Ena/VASP induced filopodia are important directly in axon guidance. The following work
explores this issue in the context of repulsive guidance in response to the chemorepellent, Slit.
37
Figure 5
38
-uwv EC"P
ES 00
ES 066 Ty" skal"Y" ~ ~ cEb
500 p a 0.0006
400
E 2oo
i0 -1n0i-
I
Figure 5 - Chimeric embryo analysis reveals no cell autonomous defect in position of
mmvvee neurons
(A) mmvvee embryonic stem cells are infected with lentiviruses carrying GFP constructs and
mixed with unlabeled wild-type ES cells before blastocyst injection, leading to the production of
a chimeric embryo. (B) Tbr1 labels neurons in cortical layer VI. (C) Tbrl positive mmvvee
neurons do not migrate significantly farther than Tbri positive wild-type neurons. (D) FoxpI
labels neurons in cortical layers III-V. (E) Foxpl positive mmvvee neurons do not migrate
significantly farther than FoxpI positive wild-type neurons.
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Figure 6 - mmvvee animals display defects in neuritogenesis due to a cell autonomous
defect in neuritogenesis
(A) Neurofilament labeling of I Oum Coronal sections of el 6.5 control embryo cortex reveals
normal axonal architecture. (B) Similar preparations of mmvvee cortices display a lack of axon
fibers. (C-G) mmvvee neurons cultured in vitro fail to form neurites. (H) Neurons from chimeric
embryos cultured in vitro fail to form neurites indicating cell autonomy of the defect.
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Mice genetically deficient in Mena, VASP, and EVL display axon pathfinding
defects suggestive of impaired sensitivity to repulsive guidance cues
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2.1 Abstract
Defects in repulsive axon pathfinding have long been known to require Ena/VASP in
invertebrates. Mice deficient in Mena and VASP display defects in formation of the optic
chiasm, though these are relatively mild and partially resolve during development potentially due
to the expression of EVL. Here I report that in mice deficient for Mena, VASP, and EVL,
pathfinding defects are evident in afferent axons emanating from the peripheral nervous system
derived dorsal root ganglia. Pathfinding defects are also apparent in central nervous system
derived motor axons. The defects in PNS pathfinding show a striking similarity to those
observed in either Slit1/Slit2 double knockout mice or Robol/Robo2 double knockout mice,
implying a role for Ena/VASP in Slit/Robo mediated repulsive guidance.
2.2 Introduction
Defects in axonal pathfinding are associated with a loss or reduction of Ena/VASP
expression in D. melanogaster, C. elegans, and M musculus (Gertler et al., 1995)(Gitai et al.,
2003)(Menzies et al., 2004). Phenotypic overlaps with defects observed in Slit/Robo mutants are
present in many of these examples, suggesting a role for Ena/VASP in repulsive axon guidance.
Axonal pathfinding defects observed in invertebrate Ena/VASP mutants are potentiated by
genetic interactions with Slit or Robo, more directly indicating a role of Ena/VASP in Slit/Robo
signaling. This model is supported by in vitro studies demonstrating direct binding between
Ena/VASP proteins and the cytoplasmic tail of Robo. Notably, however, Ena/VASP loss of
function defects are generally less severe than those observed in Slit/Robo mutants suggesting
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that other pathways may work in parallel, or that Ena/VASP may not be required for all aspects
of a repulsive guidance response in invertebrates.
2.3 Results
2.3.1 mmvvee mice display axon pathfinding defects
Antibody labeling of the neuronal marker neurofilament, of the spinal cords of elO.5
mmvvee mice reveals that these neurons are able to bypass the neuritogenesis defect observed in
other neuronal types (Fig. lb, arrowheads). Interestingly, while the midline of littermate control
animals is free of axons, there are multiple axons extending aberrantly toward the midline in
mmvvee animals (Fig. Ib, arrows). Although the origin of these fibers is difficult to comment on
unequivocally in this preparation, they appear to be DRG derived.
DRG axon pathfinding defects have recently been described in mice lacking either Slit or
Robo (Ma and Tessier-Lavigne, 2007). DRG neurons predominantly express two homologs of
Slit, Sliti and Slit2, and two homologs of Robo, Robol and Robo2. Loss of both Slit1 and Slit2
leads to an aberrant invasion of afferent DRG axons toward the spinal cord midline, easily
observed in transverse sections of mutant embryos. These phenotypes are mirrored closely by
phenotypes observed in e13.5 mmvvee animals as seen by antibody labeling with the axon
specific marker, Gap43. In e13.5 littermate controls, which are null for VASP an EVL, but wild-
type or heterozygous for Mena (MMvvee and Mmvvee, respectively) DRGs appear well formed
(Fig. 2a, arrow) extending their afferent axons to the DREZ, where the dorsal funiculus appears
well organized. In contrast, mmvvee mice display profound guidance defects. While DRGs still
appear relatively well formed (Fig.2b, arrow), multiple axons invade the spinal cord midline
(Fig. 2b, box). Furthermore, these axons seem to extend directly from the dorsal funiculus
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implying that they are DRG derived. Notably, these phenotypes are highly similar to what is seen
in either Slitl/Sit2 or Robol/Robo2 double knockout animals. Interestingly, a subset of
misguided axons have been observed reversing course (Fig. 2c, arrows).
Figure 1
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Figure 1- mmvvee animals display pathfinding defects.
(A) Dorsal view of whole mount immunostaining of e10.5 littermate embryos with the axonal
marker neurofilament reveals well organized axons extending from DRGs (B) mmvvee animals
in similar preparations display disorganized axon bundles emanating from DRGs (arrowhead)
and multiple axons fibers aberrantly invading the spinal cord midline (arrows)
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Figure 2- mmvvee animals display pathfinding defects
(A)Immunostaining with the axonal marker, Gap43 of Transverse 100um Vibratome sections
taken from e 13.5 littermate control embryos display normal guidance and a well-organized
dorsal funiculus. (B) mmvvee embryos in similar preparations display normal looking DRGs
(arrow), but have multiple axon fibers invading the spinal cord midline (box). Increased
magnification of region in box shows extent of axonal pathfinding errors. Some axons are seen
wandering or reversing course (arrows)
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Failure to be repelled at the spinal cord midline may represent a neuronal defect in Robo
localization. To determine whether Robo expression is present during a time period when
invasion is occurring, embryos were examined one day earlier, at e12.5. Co-labeling with
antibodies reactive to Robol and Gap43, reveals that misguided axons display immunoreactivity
to Robol antibody (Figure 3e, arrow). An increased magnification of the same sections shows
that Robo 1 appears to be expressed in what appear to be growth cones, indicating that this
guidance defect may not be a result of Robo mis-localization. These preparations do not
determine whether Robo is localized on the growth cone surface or within a cytoplasmic pool.
Examination of these sections further reveals that while e12.5 littermate controls display an
organized dorsal funiculus and no invasion of axons toward the spinal cord midline (Figure 3a-
c), e12.5 mmvvee animals display an aberrant invasion of axons toward the spinal cord midline
(Figure 3d, arrow). The width of the congregation of afferent axons appears increased near the
dorsal funiculus in mmvvee mice indicating poor axonal association (Figure 3d, asterisk). This
may be a result of the process of axonal bundling called fasciculation which positively correlates
with the formation of intra-axonal filopodial contacts (Raper and Bastiani, 1983).
I also observed a severe defect in the guidance of what appear to be spinal motor axons
(Figure 3d, arrowhead). It has been previously demonstrated that explants of spinal motor axons
can be repelled by the presence of Slit indicating another potential context for the involvement of
Ena/VASP in Slit/Robo signaling (Brose et al., 1999). Interestingly in the characterization of the
Slit1/Slit2 and Robol/Robo2 knockout animals, this defect is not observed in spinal motor
axons, indicating a potential role of Ena/VASP in modulating response mediated by other
molecules.
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Figure 3 - mmvvee embryos display defects in both CNS and PNS pathfinding.
(A-C) Gap43 and Robol staining of 100um Vibratome sections of e12.5 littermate embryos
reveal normal spinal cord guidance. (B-F) mmvvee animals display pathfinding defects in DRG
guidance (box, arrows) and in spinal motor axons (arrowheads). (G-I) Increased magnification
reveals immunoreactivity misguided axons to anti-Robol antibody.
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2.3.2 Organotypic spinal cord explants show normal architecture
In wild-type mice, afferent axons extend directly from the dorsal root ganglia (DRGs,
Fig. 4a) to the dorsal portion of the spinal cord, termed the dorsal funiculus (Fig. 4b, arrow).
Axons do not directly enter the spinal cord, but branch, sending one projection rostrally, toward
the head and the other caudally, toward the tail (Fig.4a). Later these projections sprout collateral
branches, which enter the spinal cord, synapsing with interneurons or motor neurons. To
visualize axons extending toward and branching at the dorsal funiculus, I infected organotypic
spinal cord explants with Herpes Simplex Viruses (HSVs) genetically engineered to express the
fluorescent protein, tdTomato. Within 16 hours of viral treatment, fluorescent protein expression
is readily visible in both the perikarya and the extended neuronal processes of the DRGs (Fig.
4b). In this preparation, axons appear to be extending toward the dorsal funiculus (Fig. 4b
arrowheads), as well as in the region of the dorsal funiculus where axons branch and extend
antiparallel rostrally and caudally (Fig. 4b, arrows) recapitulating physiologically normal
neuroanatomy observed in vivo.
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Figure 1- Organotypic spinal cord explants infected with Herpes Simplex Virus reveal
DRG derived axonal pathways.
(A) Cartoon depiction of guidance in the Dorsal Root Ganglia. (B) Axons extending toward the
spinal cord from DRGs (arrowheads) before reaching the dorsal funiculus of the spinal cord
(arrows) where they branch; the daughter branches turn sharply toward the head and tail.
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2.3.3 mmvvee mice display a disorganized dorsal funiculus
To determine the role of Ena/VASP in the organization of the dorsal funiculus at higher
resolution, I once again examined organotypic spinal explants. Spinal cords of littermate controls
were cultured alongside the spinal cords of mmvvee animals in the presence of tdTomato
expressing HSV for 16 hours before fixation and visualization. High-resolution confocal
microscopy of the littermate dorsal funiculus reveals a well-organized structure. Upon reaching
the dorsal funiculus axons branch and these branches turn at sharp angle, extending in a direction
completely opposite each other and orthogonal to the axons emanating from the dorsal root
ganglia (Figure 5b). This is very similar to what has been reported in studies of labeling of
individual axons with the lipophilic dye DiI in fixed tissue(Ma and Tessier-Lavigne, 2007). In
contrast to this, the dorsal funiculus of mmvvee animals is highly disorganized (Figure 5c).
While many axons extend generally along an anterior-posterior axis, the width of the dorsal
funiculus is greatly increased (compare width between dashed lines in Fig. 5b vs 5c) and the
turning angle is often wrong. Again, these phenotypes resemble those seen the dorsal funiculus
of Slit1/Slit2 knockout animals, in which roughly fifty percent of axons turn generally anterior-
posterior upon entering the dorsal funiculus, but often at an angle of less than the appropriate
90 0(Ma and Tessier-Lavigne, 2007).
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Figure 5- Organotypic spinal cord explants infected with Herpes Simplex Virus reveal
disorganized dorsal funiculus of mmvvee spinal cords.
(A) Cartoon showing location of dorsal funiculus magnified(dashed box). (B-C) 40X
magnification of dorsal funiculus of mmvvee animals reveals profound disorganization.
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2.3.4 mmvvee growth cones appear devoid of filopodia ex vivo.
Growth cones become more complex by increasing the total f-actin content and number
of filopodia present when they reach points along their pathway at which a guidance decision
must be made(Moon and Gomez, 2005). As the dorsal funiculus represents a point at which
DRG derived growth cones must turn, I next examined growth cone morphology in this region.
Using e 12.5 organotypic spinal cord cultures infected at a lower viral titer than previous
experiments, I was able to observe individual growth cone morphologies ex vivo. DRG derived
growth cones in littermate control animals show multiple filopodia (Fig. 6a, arrows) and fan-
shaped lamellipodia (Fig. 6a, arrowhead) upon reaching the dorsal funiculus, when a turn has
just been made. Contrasting this, growth cones in mmvvee derived dorsal funiculi appear to be
devoid of filopodia.
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Figure 6- Organotypic spinal cord explants infected with Herpes Simplex Virus reveal
growth cone morphologies ex vivo.
(A) 60X magnification of littermate growth cones in the dorsal funiculus reveals filopodia
(arrows) and lamellipodia (arrwoheads). (B) mmvvee growth cones in similar preparations
appear to lack growth cone filopodia (arrowhead).
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2.4 Discussion
In this chapter, I have described axon guidance defects associated with genetic loss of
Ena/VASP. It has long been appreciated that in invertebrates, loss of the one homologue of
Ena/VASP leads to axon guidance phenotypes. As of yet, the only described neuronal
phenotypes associated with complete genetic loss of Ena/VASP have been in neuritogenesis, a
phenotype not seen in invertebrates lacking Ena. The extent of the axonal pathfinding defects
observed in the peripheral and central nervous systems argues that the role of Ena/VASP is
conserved and potentially expanded in vertebrates.
Neurons in the central and peripheral nervous system of mmvvee mice display sufficient
axonogenesis to allow analysis of axon guidance. Neurite formation can be rescued in mmvvee
cortical neurons by culturing them on the non-physiological substrate, laminin. It has been long
appreciated that while the cortex is a laminin-poor environment, neurons of the Dorsal Root
Ganglia are intermixed with Schwann cells and boundary cap derived satellite glia, both cell
types that directly contact neuronal perikarya and produce laminin(Duband and Thiery,
1987)(Schiff and Rosenbluth, 1986). The lack of a defect in neuritogenesis may be the result of
rescue by this laminin rich environment, or it may reveal that cortical neuritogenesis is more
complicated than other systems in which axon formation has been studied, and therefore requires
the activity of Ena/VASP proteins.
Ena/VASP deficient mice display pathway finding defects in axons derived from both
peripheral and central nervous system neurons. In the peripheral nervous system, these defects
very closely phenocopy those seen in Slitl/Slit2 or Robol/Robo2 knockout mice. Similar to what
I see in mammals, in C. elegans loss of function mutations in the one Ena/VASP homolog, Unc-
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34, result in multiple axon guidance defects. Ventral guidance of the AVM axon and midline
guidance of the PVQ axons is impaired in a very similar fashion in both Unc-34 and Sax-3
(Robo) mutants. Furthermore, these defects are not attenuated in Unc-34/Sax-3 double mutants,
implying that the role of Ena/VASP in guidance of these neurons is related uniquely to Robo
signaling (Yu et al., 2002). In drosophila on the other hand, loss of function mutations in the one
Ena/VASP homolog, Ena, result in axon guidance defects phenotypically distinct from those
seen in loss of function mutants for either Slit or Robo. Genetic evidence shows that Ena and
Slit/Robo are in the same pathway, but given the non-identical phenotypes seen, Ena and
Slit/Robo may also have non-overlapping roles in axon guidance in the drosophila CNS. The
high degree of phenotypic overlap observed argues for a conserved central role of Ena/VASP
proteins in Slit/Robo signaling in the PNS. Intriguingly, a small subset of DRG derived mmvvee
axons that initially extend aberrantly toward the spinal cord midline only to loop, reversing
trajectory. This may be the result of random wandering of mmvvee growth cones, or some
growth cones may reach a critical concentration of Slit sufficient to effect repulsion. The latter
hypothesis would argue for a role of Ena/VASP proteins in sensitivity to Slit, upstream of Robo.
Central nervous system derived motor neurons also display profound pathfinding defects.
Motor neurons send efferent axons out of the spinal cord that eventually synapse with muscles at
neuromuscular junctions. Rather than projecting out of the spinal cord, mmvvee derived motor
axons extend aberrantly toward the midline. Spinal motor neurons are repelled by the presence of
Slit proteins in vitro (Brose et al., 1999), indicating that midline repulsion may also be Slit/Robo
mediated in this context. Interestingly, there is not a similar phenotype observed in the Slitl/2 or
Robol/2 knockout animals. This could be the result of the fact that while Robol/2 are the
predominant family members expressed in the dorsal root ganglia and the spinal cord roof plate
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only expresses Slit1/2, motor neurons express Robo3, and the spinal cord floorplate expresses
Slit3. The presence of this receptor/ligand combination may be enough to prevent aberrant
guidance in the spinal motor axons. This would be analogous to what has been observed in spinal
commissural axons. Slitl/Sit2 double mutant animals show no commissural axon midline
guidance defects(Plump et al., 2002), however animals genetically deficient for all three Slit
homologs show far more severe guidance defects including axonal stalling and re-crossing of the
midline(Long and Sabatier, 2004). While no study to date has examined guidance in spinal motor
axons in Slit 1/2/3 or Robol/2/3 knockout animals, if they were to have a motor guidance defect
similar to what I have observed in the mmvvee knockout mice, it would imply a role for
Ena/VASP in sensitivity or response mediated by all three neuronal Robos. Another equally
likely possibility is that Ena/VASP proteins also mediate response to other repulsive guidance
molecules. As Semaphorins and Ephrins both have demonstrated roles in motor axon
pathfinding(Luria et al., 2008)(Huber et al., 2005), a future area of investigation in the laboratory
will be the role of Ena/VASP in response to these guidance molecules.
It is interesting that while guidance is clearly impaired in mmvvee animals, it is clearly
not abolished altogether. This is best illustrated in the dorsal funiculus of organotypic spinal cord
explants. While axons in mmvvee animals are clearly disorganized in the dorsal funiculus, and
most do not adopt the proper turning angle, it's obvious that many of them still turn in a
generally anterior or posterior fashion. Interestingly, using a different technique of axonal
labeling with the lipophilic dye, DiI, it has been reported that Slit1/2 and Robol/2 knockout
animals have similar phenotypes in which roughly fifty percent of axons make the appropriate
turn, although many of those not at an angle completely orthogonal to the incoming axon.
Together, these phenotypes imply that there is a Slit/Robo independent guidance pathway acting
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on DRG derived growth cones in the dorsal funiculus. It remains unclear whether this pathway is
comprised of a known diffusible repulsive cue that is mechanistically similar in action to Slit or
another ligand or receptor yet to be described. Alternatively, there may be substrate bound
attractive pathways along the dorsal funiculus mechanistically quite different than Slit/Robo
signaling.
Finally, I have observed ex vivo that mmvvee growth cones appear devoid of filopodia.
Similar Club-like growth cone morphologies have been reported in physiological contexts in
which guidance decisions likely do not require exquisite sensitivity. Growth cones devoid of
filopodia appear in axons which grow along tracts already made by "pioneer axons" (Kim et al.,
199 1)(Lopresti and Macagno, 1973)(Nordlander, 1987). During X laevis midline guidance,
commissural interneurons approach the midline in an undeviating pathway and display a club-
like morphology with few long filopodia. Upon reaching the midline they turn longitudinally at
an angle orthogonal to the angle of incidence. Concomitant with this turning, F-actin rich growth
cone filopodia appear and the growth cones become repelled by the midline, a process mediated
by Slit/Robo(Moon and Gomez, 2005). This suggests the exciting possibility that Ena/VASP
proteins promote filopodia emergence or elongation in a context dependent fashion, crucial for
responsiveness to the repulsive activities of Slit/Robo. Further, my observation that mmvvee
growth cones in the dorsal funiculus appear to lack filopodia suggests that the defects observed
in mmvvee mice may be at least partially the result of a failure to induce filopodia in a setting
crucial for proper axon guidance. The notion that Ena/VASP induced filopodia formation may
only be required at certain points in an axons path, may also underlie an unsolved controversy
stemming from the observation that some axons are not misguided in the absence of Ena/VASP
(Dwivedy et al., 2007).
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2.5 Methods
For organotypic spinal cord explants, embryos were dissected from timed-pregnancies of
Swiss-Webster female mice 12.5 days post-conception (e12.5). Care was taken during dissection
of embryonic spinal cords to not disconnect the dorsal root axons, those spinal cords in which
significant perturbation to the spinal cord occurred were not used in these analyses. Spinal cords
were taken with DRGs intact and floated onto hanging Millipore 35mm tissue culture inserts
with .45um pores. Spinal cords were oriented dorsal side up, and the medium was then removed
from the top of the membrane, leaving only the bottom exposed to medium. The spinal cords
were then exposed to roughly 2x1 04 infectious units of Herpes Simplex Virus (Rachael Neve,
McGovern institiute viral core facility) carrying a transgene for expression of the fluorescent
protein, Tandem-dimer Tomato, in a total volume of 1Oul. These cultures were incubated for 16
hours in standard 5% C02 tissue culture incubator before fixation in 4% paraformaldehyde in IX
Tris-buffered Saline. Spinal cords were then floated off of the membranes and placed dorsal side
down in glass bottom dishes in Fluoromount G. Images were taken on a Nikon AIR scanning
confocal using a 20X DICN2 objective. For growth cone imaging, everything was done
identically excepting the viral titer which was reduced 10-fold, and imaging was done using a
40X DICN2 water immersion objective.
For transverse section imaging, e12.5 and e13.5 mouse embryos were fixed overnight in
4% paraformaldehyde in phosphate buffered saline, then washed 3 times in PBS the following
morning. Embryos were embedded in blocks of 4% low-melting point agarose and 1 00um
sections taken on a Vibratome. Free floating sections from the brachial region of the embryo
were transferred to individual wells of a 12 well dish, where they were immunostained using
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standard ABC protocols as previously described. Primary antibody incubations were done
overnight at 40C in PBS + 1% normal donkey serum, +.025% triton-x1OO using the following
dilutions: Neurofilament, 1:500 (Mouse monoclonal, DSHB 2H3). Gap43, 1:1000 (Rabbit
polyclonal, Abcam ab16053). Robol, 1:500 (Goat polyclonal, Abcam ab1 11726).
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Chapter 3
Normal growth cone response to the chemorepellent, Slit requires Ena/VASP
induced reorganization of the cytoskeleton
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3.1 Abstract
Mice genetically deficient for all three Ena/VASP family members (mmvvee mice)
display defects in axonal pathfinding in both the central and peripheral nervous system.
Pathfinding errors observed in axons derived from the dorsal root ganglia bear phenotypic
similarity to defects observed in Robol/2 and Slitl/2 knockout mice. These observations and
known genetic interactions between Ena/VASP and Slit/Robo in invertebrates suggest a
conserved role of Ena/VASP in repulsive guidance in vertebrates. Here I report that mmvvee
growth cones display an almost complete lack filopodia, and respond with reduced sensitivity to
application of the chemorepellent Slit. Furthermore, upon Slit stimulation, filopodia extend
dramatically in wild-type but not mmvvee growth cones. Intriguingly, it appears that filopodia
elongate preferentially in the direction of the chemorepellent. Together these observations
strongly argue for a role of filopodia upstream of Robo in sensitizing the growth cone to the
chemorepellent, Slit2.
3.2 Introduction
Filopodia are fingerlike cellular protrusions implicated in axon guidance in both
vertebrates and invertebrates, though their mechanistic involvement in these processes remains
unclear. In certain contexts, upon reaching decision points or after being exposed to guidance
cues, growth cones become more complex, elaborating numerous filopodia (Lebrand et al.,
2004)(Moon and Gomez, 2005). While many authors propose that filopodia act as cellular
antennae(Chien et al., 1993), this idea remains controversial, as others have observed loss of
filopodia without loss of proper pathfinding(Kim et al., 2002)(Dwivedy et al., 2007).
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Ena/VASP proteins have been demonstrated to regulate filopodial dynamics and both
attractive and repulsive axonal pathfinding in vertebrates and invertebrates, though the
requirement for Ena/VASP induced filopodia formation in guidance has yet to be demonstrated
directly(Gertler et al., 1995)(Gitai et al., 2003)(Bashaw, 2000)(Lebrand et al., 2004)(Dent et al.,
2007)(Kwiatkowski et al., 2007).
3.3 Results
3.3.1 mmvvee DRG explants display normal rates of axon outgrowth
Ena/VASP deficient mice display sufficient axonogenesis in vivo to allow the observation
of pathfinding defects. I cultured dorsal root ganglia in vitro to test whether this axonal extension
occurs at normal rates in the absence of Ena/VASP. 48h after dissection, staining with the
neuronal specific marker, p111-tubulin reveals that littermate explants display radial axon
outgrowth in 360 degrees (Fig. I a). Proximal to the neuronal cell bodies, littermate axons are
bundled together in fascicles (Fig. la, arrowhead). Over the same time period, mmvvee and
littermate explants form axons that reach the same length of approximately 1500um (Fig. la-c).
3.3.2 mmvvee DRG growth cones are defective in filopodia formation
As proper axonal pathfinding is believed to require distinct growth cone morphologies, I
next examined the structure of mmvvee growth cones in higher resolution. DRG explants shown
were cultured 48h then stained with markers for neuronal identity and morphology. Littermate
growth cones display multiple actin rich filopodia extending from the plasma membrane (Fig. 2
b,c, arrowhead). Each littermate growth cone has around 8 filopodia averaging 4um in length.
The manner in which mmvvee embryos are generated results in littermates always being
deficient in both VASP and EVL. I find no significant difference in either filopodia number or
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length in comparison of littermate and Swiss-Webster (wild-type) DRG growth cones, indicating
that Mena is able to fully compensate for complete loss of VASP and EVL in filopodia formation
(Fig. 2ij).
Examination of Gap43 staining demonstrates that mmvvee growth cones are almost
completely devoid of filopodia (Fig. 2f). Ena/VASP deficient DRG growth cones display an
average of less than one filopodium. The rare "escaper filopodia" observed are significantly
shorter than those seen in littermate or wild-type growth cones (p<.001). Normal filopodia
display bundled actin filaments within the filopodium that extend into the peripheral region of
the growth cone (Fig. 2c, arrowhead). Escaper filopodia display no obvious F-actin filaments
within the structure or in the proximal growth cone periphery, indicating that these structures are
likely fundamentally different than physiologically normal filopodia (Fig. 2g, arrowhead).
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Figure 1- mmvvee DRG explants display normal rates of axon outgrowth.
(A) 48h in culture results in similar explant radius in littermate and mmvvee DRG explants. (B)
Littermates and mmvvee explants show no significant difference in distance from the center of
DRG explant to growth cone (r) .
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Figure 2- mmvvee growth cones are almost completely devoid of filopodia.
(A-D) Littermate growth cones display multiple actin rich filopodia (arrowhead) (E-H) mmvvee
growth cones display an almost complete absence of filopodia. (I) Few filopodia present in
mmvvee growth cones are significantly shorter than in either littermate or wild-type growth
cones. (J) Wild-type and littermate growth cones have similar numbers of filopodia, both of
which are significantly higher than those observed in mmvvee growth cones or wild-type growth
cones treated with the actin polymerization inhibitor, cytochalasin D.
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3.3.3 Slit application promotes filopodial elongation
The similar defects in axonal pathfinding observed in mmvvee and Slit/Robo mutants
lead me to hypothesize that mmvvee growth cones would be unable to respond to Slit properly.
The reported effect of Slit application on DRG growth cones is a loss of lamellipodial veils
leading to growth cone collapse(Ma and Tessier-Lavigne, 2007). To capture the dynamics of
growth cone collapse, DRG explants were imaged by time-lapse microscopy as they were treated
with Slit. I confirmed in these preparations that bath application of either wild-type or mmvvee
littermate control cultures with Slit leads to growth cone collapse (Fig. 3f-h). Within 10 minutes
of Slit application, lamellipodial veils have disappeared and growth cones have halted their
forward translocation.
Concomitant with growth cone collapse, I observed a novel effect of Slit addition more
readily examined in higher temporal resolution. Upon stimulation, growth cone filopodia rapidly
elongated dramatically (Fig. 3 e,f arrowheads). Examination of images taken every minute
reveals the highly dynamic nature of Slit induced filopodial elongation (Fig. 4 a-h). Within 5
minutes of Slit addition average filopodial length has more than doubled (Fig. 4 i). These images
further reveal that during the initial stages of collapse, filopodia begin to extend (Fig. 4a) while
lamellipodia are still present (Fig. 4b), allowing for the possibility that this filopodial extension is
somehow related to collapse
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Figure 3- Slit application promotes filopodial extension in DRG growth cones.
(A-D) Growth cones display highly dynamic changes in morphogenesis before slit addition.
Filopodia (arrowheads) and lamellipodia (arrows) are continually remodeled. (E-H) Application
of Slit (900ng/ml) causes transient dramatic filopodial extension (arrowheads). Images shown
were captured at three minute intervals.
95
Af
te
r S
lit 
ad
di
tio
n
'1 (~
.
U
.' lCD
Figure 4
w
E
ca
E
il
_0
0
0
18
16
T T
12 -
10 j
8
2
"LM
ammvvee
1 - - -- - -
!I -- A
W 6 IN 11 S
~ ~
W
0 4--- ~ - - -- ~--~
0 24 810 12
Minutes after Slit addition
Figure 4- Filopodia extension is highly labile.
(A-H) Filopodia begin extending almost immediately upon application of Slit. (I) Maximal
filopodial extension occurs an average of four minutes after stimulation. mmvvee growth cones
do not extend filopodia after stimulation. Images shown were captured at one minute intervals
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3.3.4 mmvvee growth cones display reduced sensitivity to Slit
Imaging of mmvvee derived growth cones revealed that in the absence of Ena/VASP, growth
cones are highly dynamic, ruffling and continually reorganizing lamellipodia (Fig. 5a-d). Upon
Slit stimulation, mmvvee growth cones often fail to collapse, continuing their forward
translocation (Fig. 5e-h). mmvvee growth cones do appear to sense the presence of Slit, as some
edges of their lamellipodia adopt a more scalloped morphology than is seen prior to collapse
(Fig. 5 e,f arrowheads). While stimulation of mmvvee derived growth cones with levels of Slit
capable of causing modest increases in collapse in littermates (750ng/mi) failed to induce
collapse above background levels, increasing the concentration of Slit applied led to a
concentration dependent reappearance of growth cone collapse (Fig. 6). At each concentration of
Slit applied, collapse was significantly reduced with respect to littermates (p<.05 or .01). This
partial reappearance of collapse indicates that the role of Ena/VASP proteins in Slit response is
in the sensitivity to the ligand rather than in collapse per se. To further confirm that filopodia are
required for proper sensitivity to Slit, I applied low levels (1 OOnM) of the actin polymerization
inhibitor, Cytochalasin D (Mousa et al., 1978) to Swiss-Webster DRGs. At these levels,
Cytochalasin D caps actin filaments without showing appreciable severing activity (Urbanik and
Ware, 1989). Within one hour of application of Cytochalasin D, nearly all filopodia disappear
(Fig. 7 a-g) (Fig. 2j). These drug treated growth cones show a decrease in sensitivity to
application of Slit quantitatively similar to mmvvee growth cones (Fig. 7i).
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Figure 5 - mmvvee growth cones display reduced sensitivity to application of Slit.
(A-H) mmvvee growth cones often fail to collapse upon stimulation with 900ng/ml Slit.
Figure 6 - mmvvee growth cones collapse at higher concentrations of Slit
Increasing the amount of Slit applied to either littermate or mmvvee growth cones results in a
concentration dependent increase in collapse. Littermate growth cones collapse at significantly
higher rates than mmvvee growth cones at each concentration of Slit tested. Images shown were
captured at three minute intervals
100
Figure 6
(1)
CL)
0 me6Littermate
ammvvee
75.0 -r -~~ - - - - - ~ -
Figure 7
j 7bUng/ml Slit stimulation
75
70 - ~ ~~- -- ~ ~.~.-~ .
65 ~... - -. ~..... ~ - - . ...-.
. 60
- 55 - - -..... .......
50
L) 45 - - .. -~ - ~ --- - -~
40
U 35 
. .. - -
~ - ~-
2 30~
Swiss-Webster Swiss-Webster + 100nm CD
101
Figure 7 - Treatment of wild-type growth cones with Cytochalasin D results in a loss of
filopodia and loss of sensitivity to Slit application.
(A-H) At the time of application, wild type growth cones display multiple filopodia. Filopodia
are gradually lost over the course of 30 minutes. Images shown were captured at five minute
intervals. (I) Cytochalasin D treated growth cones show a significant reduction in response to
application of 750ng/ml Slit similar to what is observed in mmvvee growth cones.
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3.3.5 The Slit receptor, Robo localizes preferentially in filopodia
Given that filopodia are required for proper sensitivity to Slit, I hypothesized that its
receptor, Robo would display preferential filopodial localization. Immunoreactivity of an anti-
Robol antibody confirms a high level of Robol within filopodia and at their tips (Fig. 8b,
arrows). To confirm that the receptor is surface exposed and therefore able to bind its ligand, I
treated growth cones with Fluorescently labeled Slit. Combination DIC/fluorescence live
microscopy reveals that Slit binds to filopodia and is subsequently trafficked toward the body of
the growth cone (Fig. 8d, arrows).
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Figure 8 - Filopodia are able to bind Slit.
(A-C) Wild-Type growth cone filopodia show immunoreactivity to a Robol antibody. (D)
Fluorescently conjugated Slit binds filopodia indicating Robo is surface exposed in growth
cones.
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3.3.6 Asymmetric filopodia elongation and collapse appear to correlate with repulsive
turning
It is tempting to speculate that the filopodial elongation seen upon bath application of Slit
is a mechanism for increasing either the sensitivity of the growth cone to this chemorepellent, or
a way for the growth cone to sample a larger environment before turning. Answering this
question requires live observation of asymmetric collapse and growth cone turning. To observe
asymmetric collapse, I added Slit coated polystyrene beads to DRG explant preparations isolated
from Swiss-Webster e 12.5 embryos. Upon contact with Slit coated beads, growth cones appear
to change course in avoidance of the chemorepellent (Fig. 9 a-h). Interestingly, after the turn
occurs, the axon itself does not remain static. During and soon after the turning event, a kink in
the axon is clearly visible (Fig. 9 e,f arrowheads), but the axon is quickly smoothened and adopts
an arc shaped morphology by the end of the time course (Fig. 9h). Examination of this turning
event at higher temporal resolution (frames taken at 30 second intervals) reveals that upon
contact with Slit coated beads, the growth cone elongates its filopodia preferentially on the side
of the chemorepellent (Fig. 9c-f, arrowheads). Intriguingly, concomitant with this extension a
new lamellipodium appears, orthogonal to the angle of filopodial extension (Fig. lOc-h, arrows.
Fig. 11 a-h Morphology shown more clearly in tracings). This new lamellipodial protrusion
becomes the main body of the growth cone as it continues along it's new trajectory (Fig. 9 e-h)
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Figure 9 - Growth cones appear to avoid Slit coated beads.
(A-B) Growth cone shown initially adopts a straight trajectory. (C-D) Upon contact with Slit
coated beads, growth cone begins to turn. (E-F) After turning event, clear kink is present in axon
(arrowhead) (G-H) After turn, kink is smoothened, and axon adopts an arc shape. Images shown
were captured at five minute intervals.
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Figure 10 - Filopodia appear to extend asymmetrically upon contact with Slit coated beads.
(A-B) Growth cones encounter Slit coated beads (C-F) Filopodium extends in the direction of
bead contact (arrowhead); simultaneously, lamellipodia extend in direction away from contact
(arrows). (G-H) Newly elaborated lamellipodium persists leading to turning (arrows)
Figure 11 - Filopodia appear to extend asymmetrically upon contact with Slit coated beads.
(A-H) Growth cone from figure ten traced to more clearly show changes in morphology upon
contact with Slit coated beads (red dots)
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3.4 Discussion
The observation that DRG explants derived from mmvvee animals have numerous axons
that extend at a similar rate as their littermate controls appears at first to be in conflict with our
previous studies demonstrating a complete lack of cortical axon formation in mmvvee animals.
Our previous studies (Kwiatkowski et al., 2007)(Dent et al., 2007)(Gupton and Gertler,
2010)argue for a model in which the laminin rich environment of the dorsal root ganglia
promotes sufficient filopodia fonnation to bypass the defects observed in cortical neurons.
While numerous studies have found Ena/VASP family members to be regulators of
repulsive axon guidance responses in vivo, the mechanistic basis by which Ena/VASP is
affecting pathfinding has not previously been investigated (Bashaw, 2000)(Yu et al., 2002).
Vertebrate studies have examined the effect of Ena/VASP inactivation on growth cone
morphology and found defects in steady state and Netrin induced filopodia formation, but have
not demonstrated a failure of these growth cones to be guided properly in vivo(Lebrand et al.,
2004). Other vertebrate studies have demonstrated phenotypes in cortical and hippocampal
commissure formation, as well as pathfinding in the optic chiasm in animals deficient in Mena or
Mena and VASP but have not examined the mechanism underlying these defects (Menzies et al.,
2004)(Lanier et al., 1999).
It has long been unclear how a family of proteins that promote actin polymerization
might be mechanistically involved in the process of repulsive guidance. Growth cone collapse
has not previously been shown to require actin polymerization, and therefore I initially
hypothesized that Ena/VASP proteins may only be required for induction of actin polymerization
on the face of the growth cone opposite the repulsive cue. Alternatively, upon Slit stimulation,
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Ena/VASP proteins might be polymerizing long unbranched actin filaments that cannot exert
sufficient force on the plasma membrane to cause stable lamellipodial protrusion. This would
lead to growth cone stalling in a mechanism analogous to how Ena/VASP proteins have been
observed to negatively regulate fibroblast motility(Bear et al., 2002).
Ena/VASP deficient growth cones display a profound defect in filopodia formation.
Interestingly, in the absence of Ena/VASP, application of Slit at a concentration that collapses
littermate growth cones has very little effect. These defects are recapitulated in wild-type
neurons in which filopodia formation is impaired by the application of low levels of
Cytochalasin D. While we don't observe any defects in embryonic progression, this observation
argues that there is no subtle delay in axonal maturation underlying our observed reduction in
Slit responsiveness.
The observation that application of increased concentrations of Slit leads to a
reappearance of collapse in mmvvee growth cones argues that the cellular machinery underlying
collapse is intact. This indicates a defect in sensitivity to Slit rather than a defect in collapse per
se, though I cannot yet formally rule out the possibility that multiple independent pathways are
involved in growth cone collapse and loss of Ena/VASP merely results in a loss of one of these
parallel pathways. Together, these data argue that contrary to my initial hypotheses, filopodia
formation mediated by Ena/VASP induced actin polymerization is required to prime the growth
cone for sensitivity to Slit. This model of sensitivity is further supported by my observation that
Robo localizes preferentially within filopodia, and that Slit protein can bind directly to filopodia.
During my examination of the collapse of wild-type growth cones, I discovered a striking
new effect of Slit addition. Upon stimulation, filopodia present in the growth cone extend
dramatically concomitant with collapse. This extension is highly labile, beginning almost
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immediately upon Slit application, and often persisting for less than five minutes. Previous
studies of Slit induced collapse have not examined growth cone dynamics in higher resolution
than five-minute intervals, and thus it is likely that previous authors were not able to observe the
striking nature of this effect.
Filopodia appear to extend preferentially on the side of the growth cone that is exposed to
a chemorepellent. I have observed that upon contact with Slit coated polystyrene beads, there is a
filopodial elaboration in the direction of the bead, concomitant with a loss of lamellipodial veils
restricted to the area proximal to the extending filopodia. Asymmetric collapse has been
demonstrated in growth cones encountering Semaphorin coated beads, and is believed to be
involved in repulsive turning(Fan and Raper, 1995). I observed that this asymmetric collapse is
followed by lamellipodial protrusion on the side opposite this extension, leading to a turning
event. If filopodia indeed are involved in sensitivity of the growth cone to Slit, elaborating these
filopodia prior to making a stable turn may represent a way for the growth cone to either increase
sensitivity or sample a larger area. Opposed to surface bound growth cone turning techniques
such as stripe assays, this technique rules out the possibility that bound ligand obscures adhesive
substrate components. Therefore using this technique, we can state unequivocally that turning
events observed are not a result of simple inability of the growth cone to adhere on one side.
Together these data argue for a role of Ena/VASP induced filopodia formation in
sensitizing the growth cone to Slit upstream of Robo. They do not, however, argue against an
additional role of Ena/VASP proteins downstream of Robo in inducing lamellipodial and
filopodial extension on the face of the growth cone opposite a repulsive cue. Based on these data,
I propose the following "four-step" model of growth cone repulsion by Slit/Robo signaling (Fig.
12): Step 1 - Scanning. Loss of Ena/VASP induced filopodia formation results in a significant
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reduction in growth cone sensitivity to the presence of the ligand Slit, indicating that as has been
previously hypothesized, filopodia are acting in a sensory fashion upstream of Robo. Step 2 -
Reinforcing. Upon ligand binding, Ena/VASP induced filopodia extend in the direction of the
repellent to increase sensitivity or sampling area, reinforcing the initial recognition. Step 3 -
Asymmetric collapse. Lamellipodial veils are lost on the side of the growth cone proximal to the
chemorepellent, likely in an Ena/VASP independent fashion. Step 4 - Protrusion. Lamellipodia
are induced on the face of the growth cone opposite the repulsive cue. It remains unclear whether
this step involves Ena/VASP induced actin polymerization. It will be interesting in the future to
see if Ena/VASP proteins or asymmetric filopodial extension are general features of repulsive
guidance, or are specific to Slit/Robo mediated repulsion.
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Figure 12
Four Step Model of Repellent Avoidance
Step I - Scanning
EnaNASP mediated filopodia
scan the growth cone microen-
vironment
Step 2 - Reinforcing
EnaNASP mediated Filopodia
extend in the direction of the
signal, potentiating sensitivity.
Step 3 - Asymmetric collapse
Lamellipodial veils are lost prox-
imal to the chemorepellent in an
EnaNASP independent fashion
Step 4 - Protrusion
Lamellipodia elaborate distal to
site of chemorepellent encoun-
ter. EnaNASP dependent?
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3.5 Methods
Whole dorsal root ganglia were isolated from e12.5 Swiss-Webster, mmvvee, or
littermate mice using Dumont #5 forceps. DRG explants were cultured in Mattek glass bottom
dishes coated with 500ug/ml Poly-D-Lysine (Sigma) and 50ug/ml Laminin (Southern Biotech).
DRGs were cultured for 8-16hours in Neurobasal medium supplemented with B27, NGF, and
5% fetal bovine serum (Hyclone), then switched to identical medium without serum. For analysis
of outgrowth and fasciculation, explants were allowed to develop in culture for 48h before
fixation in 4% paraformaldehyde+.05% glutaraldehyde. Explants were immunostained using
standard ABC protocols. Primary antibody incubations were done 2hr at room temperature in
TBS + 1% BSA, + .025% triton-x100 using an antibody recognizing pIII-tubulin at a dilution of
1:5000 (Mouse monoclonal, Promega 5G8). Individual fluorescence images were taken using a
Nikon Ti wide-field microscope and 20X DICN2 objective, then stitched to form one cohesive
image of the entire ganglion using the NIS Elements imaging/analysis software. Explant
outgrowth was quantitated using unstained DRGs by taking four evenly spaced measurements of
maximal distance from ganglion center to axon tip.
Growth cone immunohistochemistry was done using similar fixation and staining
conditions but with the following dilutions: Robo1 1:500 (Rabbit polyclonal, Abcam ab7279),
p111-tubulin 1:5000 (Mouse monoclonal, Promega 5G8), Alexa-594 conjugated phalloidin
1:1 00(Molecular probes). Growth cone imaging was done using a deltavision deconvolution
microscope with a 1 OOX DIC objective. For live imaging of growth cones, images were taken on
a Nikon Tslkdfjs equipped with PerfectFocus, using either a 1 OOX DICN2 oil immersion or 40X
DICN2 water immersion objective.
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Purification of Slit protein was done by transient transfection of a COS- 1 cell line with an
expression construct encoding the amino-terminal fragment of Slit-2 protein and subsequent 24-
48h incubation in opti-mem reduced serum medium. Protease inhibitors were added to combined
high salt washes and cultured media, then concentrated with Amicon-ultrao centrifugal filter
units. Slit was purified from concentrates by affinity chromatography to wheat germ agglutinin.
Growth cone collapse was quantified by fifteen minute bath applications of Slit
performed by removal of 1ml of dish volume and immediately replacing with iml serum free
medium + ligand or vehicle. Dishes were fixed, then imaged using phase microscopy. "Collapse"
was counted as a complete or nearly complete absence of lamellipodial veils. Filopodia number
and length were quantified using Nikon NIS image analysis software. Slit-2N was covalently
labeled with a fluorophore using DyLight Microscale o 594 Antibody Labeling kit.
lum Opti-bindo polystyrene beads were purchased from Thermo-fisher scientific. .5ul of
beads were added directly to 20ul of Slit-2N protein solution at a concentration of 50ng/ul. This
mixture was incubated for one hour at 37c in a tissue culture incubator, blocked for one hour
with 1mg/ml BSA, then diluted into 500ul of Neurobasal+B27 before direct addition of 2ul
diluted beads to DRG explant cultures.
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Chapter 4
EVH1 domains of vertebrate Ena/VASP proteins interact directly with
multiple sites in the cytoplasmic tail of Robo in a phospho regulated manner
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4.1 Abstract
In invertebrates it has been shown that Ena/VASP binds directly to the cytoplasmic tail of
Robo. The specificity and regulation of this interaction, however, have yet to be determined.
Here I describe the mapping of three Ena/VASP binding sites in the cytoplasmic tail of
vertebrate Robo. Two of these sites are canonical EVH1 ligands, and the third is a novel EVH1
binding motif. Phosphorylation has been shown to take place within or near two of the three
sites, and I have found that these phosphorylation events dramatically affect the strength of the
EVH1:Robo interaction. This may provide a mechanism by which context dictates the affinity of
the Ena/VASP:Robo interaction.
4.2 Introduction
Ena/VASP Homology Domain 1 (EVH 1) is the most amino terminal domain within
Ena/VASP and is conserved in all known Ena/VASP homologs. The best characterized role of
EVH 1 is in mediating protein:protein interactions through specific interactions with a
characterized consensus sequence, (D/E)(F/L)PXCDPX(D/E)(D/E), commonly abbreviated "FP4"
(Niebuhr et al., 1997). FP4 motifs are found in proteins with diverse functions, with an
enrichment for proteins involved in cellular motility (Brindle et al., 1996)(Drees et al.,
2000)(Krause et al., 2004)(Lafuente et al., 2004). Aside from binding to FP4 motifs, EVH1
domains found in Ena/VASP have been described to bind to only one other motif. The sequence
HN(X)4 2 M(X)10 M found in the focal adhesion protein, Tes, has been demonstrated to bind
specifically to the EVH1 domain of Mena (Bodda et al., 2007).
The cytoplasmic tails of all studied Robo receptors are devoid of any demonstrated
domains with catalytic activity of their own. Instead, upon activation Robo binds to conserved
downstream effector proteins. The cytoplasmic tail of vertebrate Robo 1 contains four described
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conserved cytoplasmic motifs (Figure 1 a), three of which share a high level of conservation from
invertebrates to vertebrates (Figure lb-d). Conserved cytoplasmic motif #1 (CCl) is found in
vertebrate Robo 1 and Robo2 and D. melanogaster Robo 1 and Robo2, but absent in vertebrate
Robo3 and Robo4. Within CCl is a conserved tyrosine that is a demonstrated substrate for the
Ableson non-receptor tyrosine kinase in flies. Phosphorylation of CCl has been shown to be
important for axon guidance in flies; flies expressing a version of Robo with the tyrosine mutated
to the non-phosphorylatable tyrosine mimetic amino acid, phenylalanine, display a dominant
phenotype in which the midline is completely devoid of axon fibers(Bashaw, 2000). This
mutation has been interpreted as causing hyperactivity of Robo, which would indicate that
Ableson is a negative regulator of Robo in drosophila. CCl has also been shown to directly
associate with the attractive guidance receptor, DCC, and participate in silencing of
attraction(Stein and Tessier-Lavigne, 2001).
The second conserved cytoplasmic motif, CC2, is present in all four vertebrate Robo
homologs, as well as drosophila Robo 1. CC2 of vertebrate Robo 1/2/3 and D. melanogaster
Robo 1 contain the potential EVH 1 binding motif, LPPPP. CC2 has been shown to be crucial for
Robo activity, as the adaptor protein Dock/Nck binds to D. melanogaster Robo CC2 and recruits
the Rac GEF, Son of Sevenless (Sos)(Yang and Bashaw, 2006). CC2 has also been shown to
directly bind the Rac GAP Vilse(Lundstr6m et al., 2004), which is thought to play a role in
signaling downstream of Robo(Hu et al., 2005). Both Vilse and Nck are believed to interact with
CC2 through Src homology 3 (SH3) domains, which bind to proline rich sequences with the
consensus motif PxxP. The third conserved cytoplasmic motif of Robo, CC3, is present in
vertebrate Robo 1/2/3 and contains an Ena/VASP binding motif. Interestingly, while CC3 in the
vertebrate Robos contains the EVHI consensus binding motif, the D. melanogaster CC3
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Figure 1 - Sequence conservation in the cytoplasmic tail of Robo.
(A) Canonical structure of Robo showing location of conserved cytoplasmic motifs (B)
Conserved cytoplasmic motif #1. Multiple alignment showing region of highest conservation
(box)(C) Multiple alignment of conserved cytoplasmic motif #2 demonstrates conservation of
EVH 1 consensus binding LPPPP motif (D) Multiple alignment of conserved cytoplasmic motif
#3 showing conservation of EVH 1 consensus binding LPPPP motifs in vertebrate but not
invertebrate Robo. Multiple alignments performed using ClustalW algorithm.
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lacks the N-terminal hydrophobic (F/L) residue crucial for binding of EVH 1. CC3 has also been
demonstrated to bind the Slit-Robo Gap (SRGAP) family of Rho GTPase GAPs, which may
have roles in axon guidance downstream of Robo.
4.3 Results
4.3.1 EVH1 binds CC2 and CC3 directly
To determine whether vertebrate Ena/VASP proteins bind to the conserved motifs in
Robo, I overlaid peptide SPOTs arrays with purified GST:EVH1 fusion protein. Peptides 25
amino acids in length were arrayed such that each sequential spot overlapped 20 of the 25
residues in the previous spot (Window:25, Step:5). This technique was used to scan the
cytoplasmic tail of mouse Robol for interaction sites. GST-EVH1 overlay of these membranes
reveals that only peptides which contain the entire (D/E)(F/L)PXCDP consensus motif show
appreciable EVH1 binding (Fig. 2a, 3a). Indicating specificity of this interaction, loss of the
fourth proline, a residue shown to be crucial for EVH1 binding(Ball et al., 2000) confers a loss of
EVH1 binding(Fig. 2a, row 3). Similarly, loss of the N-terminal acidic residue also shown to be
important for EVHl binding affinity greatly reduces binding (Fig. 3a, row 7). Further confirming
the specificity of this interaction, the same sequences with alanine substitutions in the internal
hydrophobic residues in the case of CC2 or the acidic and hydrophobic residues in the case of
CC3 show no appreciable binding to purified EVH1 (Fig. 2b,3b) indicating that EVH1 is binding
to both CC2 and CC3 in a specific fashion.
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ROBO CC2
RGSSTSGSQGHKKGARTPKAPKQGG
SGSQGHKKGARTPKAPKQGGMNWAD
HKKGARTPKAPKQGGMNWADLLPPP
RTPKAPKQGGMNWADLLPPPPAHPP
PKQGGMNWADLLPPPPAHPPPHSNS
MNWADLLPPPPAHPPPHSNSEEYNM
LLPPPPAHPPPHSNSEEYNMSVDES
PAHPPPHSNSEEYNMSVDESYDQEM
ROBO CC2
RGSSTSGSQGHKKGARTPKAPKQGG
SGSQGHKKGARTPKAPKQGGMNWAD
HKKGARTPKAPKQGGMNWADAAPPP
RTPKAPKQGGMNWADAAPPPPAHPP
PKQGGMNWADAAPPPPAHPPPHSNS
MWADAAPPPPAHPPPHSNSEEYNM
AAPPPPAHPPPHSNSEEYNMSVDES
PAHPPPHSNSEEYNMSVDESYDQEM
Figure 2 - Specific binding of EVH1 to CC2.
(A) Peptide sequences walking through CC2 of mouse Robol shown on sequential lines.
Consensus EVH1 binding motif residues displayed in bold are required for specific binding. (B)
Core hydrophobic residues mutated to alanine shown in red ablate binding.
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Figure 2
Figure 3
ROBO CC3
ROBO CC3
SAVVIQKARPAKKQKHQPGHLRREA
QKARPAKKQKHQPGHLRREAYADDL
KKQKHQPGHLRREAYADAAPPPPV
HQPGHLRREAYADAAPPPPVPPPAI
LRREAYADAAPPPPVPPPAIKSPTV
YADAAPPPPVPPPAIKSPTVQSKAQ
PPPPVPPPAIKSPTVQSKAQLEVRP
PPPAIKSPTVQSKAQLEVRPVMVPK
Figure 3 - Specific binding of EVH1 to CC3.
(A) Peptide sequences walking through CC3 of mouse Robol shown on sequential lines.
Consensus EVH1 binding motif residues displayed in bold are required for specific binding. (B)
Core hydrophobic and acidic residues mutated to alanine shown in red ablate binding.
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SAVVIQKARPAKKQKHQPGHLRREA
QKARPAKKQKHQPGHLRREAYADDL
AKKQKHQPGHLRREAYADDLPPPPV
HQPGHLRREAYADDLPPPPVPPPAI
LRREAYADDLPPPPVPPPAIKSPTV
YADDLPPPPVPPPAIKSPTVQSKAQ
PPPPVPPPAIKSPTVQSKAQLEVRP
PPPAIKSPTVQSKAQLEVRPVMVPK
4.3.2 EVH1 binds CC1
While CCl contains no canonical EVH 1 binding motifs, based on the report that deletion
of CC 1 confers loss of Ena binding in D. melanogaster, I next used a peptide array to probe the
specificity of this reported interaction. EVH 1 binds to a stretch of amino acids spanning the most
highly conserved region of CC 1 (Fig. 4, rows 5-7 bold) with the sequence
"PYATTQLIQANLSNN." Interestingly, the sequence comprising the region of highest
conservation (Fig. lb, box) is insufficient for EVHI binding (Fig. 4, row 4). Although the
sequence conservation is less strict, the sequence immediately C-terminal CCI in vertebrate
Robol/2 as well as D. melanogaster Robo contains many polar uncharged residues, which may
additionally be important for binding.
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Figure 4
IA| ROBO CC1I
DLSNKINEMKTFNSPNLKDGRFVNP
I NEMKTFNSPNLKDGRFVNPSGQPT
TFNSPNLKDGRFVNPSGQPTPYATT
NLKDGRFVNPSGQPTPYATTQL IQA
RFVNPSGQPTPYATTQLIQANLSNN
SGQPTPYATTQL IQANLSNNMNNGA
PYATTQL IQANLSNNMNNGAGDSSE
QLIQANLSNNMNNGAGDSSEKHWKP
Figure 4 - Specific binding of EVH1 to CC1.
(A) Peptide sequences walking through CCl of mouse Robol shown on sequential lines.
Interaction motif mapped to a 15 amino acid peptide shown in bold.
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4.3.3 EVH1 binding of CC3 may be phospho-dependent
A recent high throughput study of cell division in HeLa cells sought to find new proteins
regulated by serine and threonine phosphorylation(Dephoure et al., 2008). Mass spec analysis in
this screen revealed new sites within the cytoplasmic tail of human Robo 1 that can be
phosphorylated. Two of these exist in close proximity to the consensus EVH 1 binding site found
in CC3. Phosphorylation of the serine, threonine, or both residues (Figure 6, residues colored
red) found in this screen ablates the EVH1:CC3 interaction (Figure 6). Estimation of the relative
change in binding in these data is impossible as interaction with the phospho-peptides in not
detectable. While this represents the possibility of a novel means of regulation of EVH 1 binding
to it's canonical ligands, phosphorylation at these residues in neuronal tissue has yet to be
demonstrated and therefore remains preliminary.
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Figure 6
E-I
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ROBO CC3
Figure 6 - Phospho-regulation of CC3 binding.
(A) Binding of EVH 1 to CC3 motif is ablated by phosphorylation at either of two sites outside of
the core consensus binding sequence. Position of phospho-residues demarcated in red. Each
sequence is duplicated to show repeatability.
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YADDLPPPPVPPPAIKSPTVQSKAQ
YADDLPPPPVPPPAIKSPTVQSKAQ
YADDLPPPPVPPPAIKSPTVQSKAQ
YADDLPPPPVPPPAIKSPTVQSKAQ
YADDLPPPPVPPPAIKSPTVQSKAQ
YADDLPPPPVPPPAIKSPTVQSKAQ
4.4 Discussion
Studies have shown direct binding in vitro of D. melanogaster Ena to the cytoplasmic tail
of Robo. This binding was attenuated, but not lost by either deletion of CCl or CC2 while
deletion of CC3 displayed no effect. The earlier work did not map these interactions or examine
the overall conformation of Robo in the presence of these deletions leaving the possibility that
folding rather than specific binding is affected(Bashaw, 2000). Here, SPOTs arrays performed
with amino acid sequence taken from vertebrate CC1 and CC2 imply conservation and
specificity of these reported interactions. Interestingly, the D. melanogaster CC3 motif shows
weak conservation near it's N-terminus, where the acidic and hydrophobic residues present in
vertebrate CC3 and shown to be important for EVH 1 binding are not present(Ball et al., 2000).
This may underlie the observation that purified EVH1 can bind to vertebrate CC3 in a specific
fashion, while this domain was dispensable for interaction in D. melanogaster(Bashaw, 2000).
As noted previously, while there is a demonstrated genetic interaction between Ena and Robo in
flies, loss of function mutations show weaker phenocopy than what I observe between mmvvee
and Slit1/2 or Robol/2 knockout mice. This additional EVH1 binding site supports the
hypothesis that Ena/VASP proteins play an expanded role in vertebrate growth cone sensitivity
to the Slit/Robo pathway.
The well described ideal consensus sequence for EVH 1 binding is
(D/E)(F/L)PXCDP(D/E)(D/E)(Niebuhr et al., 1997). SPOTs arrays demonstrate that substitution
of the phenylalanine residue in position 2 with leucine is tolerated but confers a reduction in
binding affinity(Ball et al., 2000). An LPPPP motif found in Lamellipodin also binds Ena/VASP
with reduced affinity, confirming this finding in a physiological context(Krause et al., 2004).
Interestingly, instead of phenylalanine, leucine is highly conserved in Robo in vertebrates and
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invertebrates at this position. Furthermore, while not essential, the acidic residues C-terminal to
the last proline have been shown to potentiate EVH1 binding (Krause et al., 2004)and are absent
in both CC2 and CC3 of all of the M musculus Robos. Conservation of residues which are
permissive yet sub-optimal for Ena/VASP binding may imply a number of additional regulatory
mechanisms for EVHl:Robo interaction. The SH3 domain containing adaptor protein Nck has
been shown to be an important link between Robo and Rac activation, and to bind to CC2 of
Robo(Yang and Bashaw, 2006). While the exact residues in CC2 binding Nck remain to be
mapped, if it binds as other SH3 domains to a PXXP motif, the only binding sites within CC2
would be either nested within or overlapping the mapped EVH1 binding site. Similarly the
RhoGAP, SrGAP 1, has been shown to bind to CC3 directly, though this interaction has been
mapped more precisely. Formation of an SrGAP:CC3 complex has been shown to require both
the proline rich region of CC3 and the N-terminal acidic residue also crucial for EVHI binding,
demonstrating overlap between the binding sites of these two proteins. Together these data
suggest the exciting but untested possibility of competition between Nck or SrGAP 1 and
Ena/VASP for binding within the cytoplasmic tail of Robo, a balance that could potentially be
upset by evolutionary mutations enhancing Ena/VASP binding. Possible regulation of the
interaction between Ena/VASP in Robo is further supported by my observation that
phosphorylation of a either a serine or threonine residue outside of CC3 leads to a complete
ablation of Ena/VASP binding. Phosphorylation of this residue has been only demonstrated in
non-neuronal cells however, so verification of its physiological relevance in axon guidance will
be a necessary next step. While kinase predictions are notoriously inaccurate it is tantalizing to
note that the NetPhosK algorithm predicts that both of these sites are predicted to be targets of
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PKC, a kinase with demonstrated roles in repulsive axon guidance mediated in the
RGMa/Neogenin pathway (Conrad et al., 2007).
SPOTs arrays also confirm the interaction reported to exist in drosophila between CCl
and EVH1. The EVH 1 of Mena, VASP, and EVL bind to a sequence that overlaps the most
highly conserved region of CCl. This makes CC 1 the second member on a list of non-canonical
EVHI motifs described, so far comprised of only Tes. BLAST searches find no significant
similarity between this sequence and proteins outside of the Robo family. Further mapping may
reveal that only a subset of the residues in this sequence are important for EVHI binding, which
may allow discovery of other proteins with the core consensus sequence. While residues outside
of the area of highest conservation are also important for EVH1 binding, it is worth noting that in
both vertebrate Robol and drosophila Robo, five of the seven amino acids in this region are
polar, uncharged residues implying a level of conservation that may be sufficient for binding in
both sequences.
The structure of the cytoplasmic tail of Robo is one that contains three Ena/VASP
binding sites, each of which has either a phosphorylation site that affects binding, an overlapping
binding site for other proteins known to bind Robo, or both. Tightly coordinated context
dependent changes in growth cone sensitivity and response to guidance cues are among the most
appreciated hallmarks of axon guidance, yet given their complexity, our understanding of how
these changes occurs remains incomplete. Understanding the functional significance of the
Ena/VASP:Robo interaction represents the next major question raised by this study.
It is particularly interesting that there are multiple EVH 1 binding sites in the cytoplasmic
tail of Robo given that Ena/VASP proteins are obligate tetramers. Together these observations
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lead me to propose a model in which the relatively reduced affinity of EVH 1 binding sites in
Robo are compensated for by an increase in avidity.
4.5 Methods
Peptides in SPOTs arrays are covalently linked at the carboxy terminus to the nitrocellulose
membrane where they are synthesized. SPOTs arrays were overlaid with tris-buffered saline
containing 5ug/ml of either GST:EVH1(Mena), GST:EVH1(VASP), GST:EVH1(EVL), or GST
alone. After washing, membranes were incubated in Rabbit anti-GST antibody (Sigma #G778 1)
at a dilution of 1:2000. After washing, membranes were then incubated in Horseradish
peroxidase conjugated Donkey anti Rabbit IgG (Jackson Immunoresearch) at a dilution of
1:5000. Ternary complex of protein:primary:secondary were visualized with standard
ECL(Amersham).
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5.1 Conclusions and future directions
The founding member of the Ena/VASP family of actin regulatory proteins, Enabled, was
discovered in D. melanogaster in a screen for dominant suppressors of the Ableson non-receptor
tyrosine kinase(Gertler et al., 1990). It was soon thereafter described that homozygosity for loss
of function mutations in Ena cause axon guidance defects in both the peripheral and central
nervous system(Gertler et al., 1995). Ena/VASP proteins have since been implicated in
mediating guidance responses to both repulsive(Bashaw, 2000)and attractive(Gitai et al., 2003)
guidance molecules in invertebrates.
Addressing the question of how conserved a role Ena/VASP proteins play in vertebrate
axonal pathfinding is compounded by a number of problems. While invertebrates have only one
Ena/VASP homolog, in mammals, there are three: Mena, VASP, and EVL. These three proteins
show not only largely overlapping expression patterns during development, but overlapping
functions as evidenced by relatively weak phenotypes observed in mice deficient for any one
family member. While mice deficient in only Mena, or both Mena and VASP (Menzies et al.,
2004)(Lanier et al., 1999)display defects in formation of the hippocampal commissure and the
corpus callosum, these phenotypes are only partially penetrant. Defects observed in formation of
the optic chiasm in Mena, VASP double mutants argue for a conserved role of Ena/VASP in
axon pathfinding, but the guidance molecules responsible have not yet been described.
Achieving an accurate picture of axon guidance in the absence of Ena/VASP proteins in
vertebrates requires the production of animals deficient for all three family members. In our
previous studies we describe the production and initial characterization of these mmvvee
animals. Mice genetically deficient for the three Ena/VASP paralogs display pleiotropic
phenotypes including edema and hemorrhage, (Furman et al., 2007), excencephaly, and a failure
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in cortical neuritogenesis(Kwiatkowski et al., 2007)(Dent et al., 2007). While this defect in
cortical neuritogenesis represents an novel role for Ena/VASP proteins, it is obviously
confounding to the study of subsequent axon guidance.
In this thesis, I demonstrated that in spinal cords of mmvvee animals sufficient axonal
outgrowth occurs to allow subsequent examination of the role of Ena/VASP in axon guidance.
These animals show profound defects in pathfinding in both the central and peripheral nervous
systems, just as was described originally in D. melanogaster. The defects observed in the dorsal
root ganglia of the peripheral nervous system share substantial phenotypic overlap with those
observed in mice lacking Slitl/2 or Robol/2. These data suggest that the role of Ena/VASP in
regulating Slit/Robo mediated repulsive axon guidance is remarkably conserved in vertebrates.
Defects observed in the spinal motor axons of the central nervous system are quite striking, but
have not been investigated in detail in this study and therefore remain a promising line of
investigation for future studies.
I have observed that Ena/VASP deficient growth cones of the dorsal root ganglia display
a club-like morphology, devoid of filopodia ex vivo and in vitro. These growth cones display a
defect in sensitivity but not in collapse per se upon application of the chemorepellent Slit. While
these data argue for a role of Ena/VASP proteins upstream of Robo in sensitization of the growth
cone to the presence of Slit, they do not argue against further roles of Ena/VASP downstream of
Robo in proper growth cone turning response. Club-like growth cone morphologies are seen in
wild-type animals in vivo during points in an axons pathway in which growth cone turning is not
a necessity(Moon and Gomez, 2005), suggesting the exciting but untested possibility that
temporal or spatial regulation of Ena/VASP induced filopodia formation could underlie changes
in responsiveness to axon guidance cues.
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Filopodia have a somewhat controversial role in axon guidance. While many studies have
shown a correlation between filopodia formation and growth cone turning, others have shown
examples where filopodia are dispensable for proper guidance (Dwivedy et al., 2007)(Kim et al.,
2002)(Chang et al., 2006). The notion that filopodia are involved in sensitizing a growth cone to
the presence of guidance cues may present a model that reconciles these observations. While
filopodia may be crucial during a subset of axon guidance decisions, there may be other points in
an axons path in which loss of some sensitivity to guidance cues is insufficient to manifest as a
guidance phenotype in vivo. Further evidence for the involvement of filopodia in guidance factor
sensitivity comes from the observation that in wild-type growth cones, Slit application causes a
dramatic filopodia elongating activity, and that this activity appears to happen asymmetrically
during a turning response. Expanded analysis and quantitation of this response will be required
to determine how frequently filopodial elongation occurs during repulsive turning, and whether
this effect is specific to Slit/Robo mediated repulsion. While these data point toward a sensory
role for filopodia, they leave unresolved the mechanism by which this sensitization may be
occurring. The presence of filopodia on a growth cone increases the area that can be sampled in
search of guidance cues. Furthermore, filopodia may represent structures that contain high
concentrations of signaling scaffolds and effector molecules, priming them for intracellular
responses to guidance factor encounter.
Finally, I show that Ena/VASP proteins can bind to three specific sites in the cytoplasmic
tail of Robo, and that two of these interactions can be regulated by phosphorylation in vitro.
SPOTs arrays are powerful tools for high throughput examination of Protein:Peptide interactions,
but also have drawbacks. While relative binding affinities can be estimated, dissociation
constants cannot be determined. Furthermore while the in vitro SPOTs arrays detected
145
interactions between single EVH1 domains and a single consensus binding motifs, this is almost
certainly not how these interactions are occurring in vivo. Ena/VASP proteins are obligate
tetramers and thus may interact with the multiple EVH 1 binding sites in Robo simultaneously,
thereby increasing avidity of this interaction. Multiple binding sites of lower affinity may
represent a way for this interaction to be affected by competition at one or more sites. To address
these questions I have used site directed mutagenesis to engineer expression constructs encoding
Robo with all combinations of Ena/VASP binding motif mutated in ways predicted to prevent
binding. Using these constructs, I will be able to determine the importance of multiple binding
sites for Ena/VASP:Robo interaction in vivo. Furthermore, while this interaction is extremely
intriguing I have yet to determine it's functional relevance. The next major step in this project
will be to determine if this interaction has any bearing on either collapse or turning.
Recent evidence regarding a filopodia promoting activity of the Robo4 receptor provides
an obvious first line of investigation. Overexpression of the sole exclusively non-neuronal
member of the Robo family, Robo4 has recently been shown to potently induce filopodia
formation in human vascular endothelial cells. Interestingly, this filopodial induction requires
Robo 1. Given my observation that DRG growth cones extend very long filopodia in response to
Slit during turning and collape, it may be that Slit application may either promote or strengthen a
Robol:Ena/VASP interaction leading to this elaboration. Observation of the collapse and turning
responses of Robo 1/2 mutants transfected with constructs expressing Robo receptors lacking
combinations of Ena/VASP binding sites will allow me to answer unequivocally the role of the
interaction between Ena/VASP and Robo in axon guidance.
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